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Foreword 


In presenting this, the 203rd AIME Transactions Volume, we recognize that one of the important functions 
of a professional society is the publication of contemporary technological and scientific advances, for it is by this 
means that new knowledge is made available for all to use. Indeed, one of the significant measures of the Insti- 
tute’s vitality is the magnitude and quality of its technical publications. This volume comprises 17 papers from 
the Iron and Steel Division, including the Howe Memorial Lecture, by J. S. Marsh; 81 papers from the institute 
of Metals Division, including the annual Institute of Metals lecture by C. Zener; and 14 papers from the Extrac- 
tive Metallurgy Division. As in past years, our authors have taken advantage of the opportunity to submit short 
notes on their current work, and Volume 203 includes 40 technical notes. __ , 

For the Metals Branch members I should like to express our appreciation to the authors and their sponsors 
for the preparation and submission of their manuscripts, to those who submitted discussions, to the Headquarters 
Staff for their painstaking efforts in carrying out the many details incident to the organization and publication of 
this volume, and to the Divisional Publications Committees for their competent review and constructive criticism 
of the manuscripts. These efforts gave assurances that not only were standards met, but also that the best use 
was made of the pages available for us for publication. Finally, we gratefully acknowledge the support given by 
industry to our publications program through contributions to the Metals Branch Research Publications Fund. 
Their contributions to this fund made possible the publication this year of 400 pages more than would otherwise 
have been possible. 


December 16, 1955 J. H. Scaff E 
Murray Hill, N. J. Metals Branch Council, AIME 
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Canadian Copper Refiners Ltd. 


Electric Furnace Melting Practice 


by Warren A. Sheaffer 


Electric furnace installation and tough-pitch copper-casting operation at Canadian 
Copper Refiners Ltd. are described. General layout, power supply and control, refrac- 
tories, induction pour hearth, casting equipment, metal temperature control, and oxygen- 


content control are discussed. 


LECTRIC furnace at Canadian Copper Refiners 

Ltd. was put into operation in August 1949. The 
installation was designed primarily to melt electro- 
lytic copper cathodes and to produce vertically cast 
tough-pitch shapes. To meet emergencies during 
reverberatory furnace shut-downs, provision was 
made for casting horizontal tough-pitch wire bars. 
Due to the ease with which metal temperatures, 
melting rates, oxygen content, and casting hours can 
be altered to suit production demands, the electric 
furnace has met the requirements admirably. 


General Layout 

The plant has been described by H. S. McKnight’ 
and by J. H. Schloen and E. M. Elkin.’ Since these 
papers were written, the electric furnace has been 
installed in a 140 ft extension of the original casting 
building. The extension, 264 ft in width, is divided 
into one 24 ft and four 60 ft bays, each a continua- 
tion of similar bays in the older building. Fig. 1, a 
partial floor plan of the extension, shows the loca- 
tion of major equipment. 


Power Supply and Control 

Power for the electric furnace and its auxiliary 
equipment is delivered by Quebec Hydro over two 
12 kv three-phase, 60 cycle pole lines. One line is 
in use, while the second serves as an emergency 
standby. Connections for the electric furnace from 
these lines, which also feed the refinery power 
house, are made to a substation on Canadian Cop- 
per Refiners Ltd. property. Connections between 
this substation and the furnace transformer room 
are in underground conduit. The arc-furnace trans- 
former, 550 v auxiliary-equipment transformer, and 
12 kv switchgear are in the transformer room near 
the furnace. 

Stepdown from 12 ky to arc-furnace voltages is 
done by a 7500 kva oil-immersed water-cooled 
three-phase 60 cycle transformer. This unusually 
high kva rating is available because the arc furnace 
and transformer were adapted from a steel-melting 
unit. Secondary voltages are available in 16 steps 
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between 251 and 95 v (across phases). A four-posi- 
tion tap changer, operated from the furnace switch- 
board is connected to taps yielding 199, 164.5, 127, 
and 115 v, respectively. The transformer primary 
feeder is equipped with a General Electric Magne- 
Blast circuit breaker. 

The pour hearth, casting wheel, bosh conveyor, 
and other auxiliary equipment are fed by a 12 kv to 
550 v, 750 kva three-phase 60 cycle transformer. 

Graphite electrodes, 14 in., with tapered nipples 
are held in the arc-furnace electrode arms with steel 
wedges. The arms, fed from the transformer sec- 
ondary busbars by flexible cable bundles, are actu- 
ated by winch cables. Direct-current motors operat- 
ing the winches are supplied by a 250 v motor-gen 
erator set. 

Power input to the furnace is controlled from the 
furnace switchboard. The board has the usual com- 
bination of remote controls for the 12 kv breaker 
and transformer tap changer, meters, overload re- 
lays, automatic and manual electrode motion con- 
trols, switchgear, etc. 

When power is on the furnace, automatic elec- 
trode feed is used; the power draw on a given voltage 
tap then is governed by current-limiting rheostats. 
The rheostats work through a Westinghouse bal- 
lanced-beam control circuit which, in turn, operates 
reversing contactors in the winch motor circuits. 


Arc Furnace 

The are furnace is a standard-type NT Pittsburgh 
’Lectromelt with inside shell diameter 12 ft 3% in. 
By hydraulic-lift cylinders, the furnace can be tilted 
forward to 39144° and backward to 5° from horizon- 
tal. A roof-swing cylinder is also installed but not 
used. Fig. 2 shows refractory-lining details. 

With the lining as shown, operating life between 
repairs is 6 to 9 months of two-shift casting opera- 
tion. Charge slot, skim door,.and roof refractories 
then are replaced completely, and any necessary re- 
pairs made to side walls. Bottom life is longer and 
the original under courses are still in service, while 
the top course was replaced in October 1951. 

The launder is lined with high chrome-magnesite 
trough brick backed by fireclay and insulating brick. 
The trough is covered with fireclay brick and asbes- 
tos sheet. At intervals, openings 12x6 in. are left in 
the permanent covering. These are covered with 
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loose bricks and permit heating of the launder with 
oil burners prior to casting. 

The furnace is charged by a tilting roller-bed 
table hinged to the charge-slot framing. Tilting is 
effected by an air cylinder mounted on the under 
side. Fig. 3 shows the device in operation. 

Gases are removed from the furnace through a 10 
in. diam opening in the roof refractory. A suspended 
bonnet conducts the gases to a flue system which 
connects through a dust-recovery unit to a 6000 cfm 
constant-speed draft fan. 

Flue dust is collected in a four-section Dracco- 
type vibrating bag house, each section containing 
25 wool bags, 7 in. diam. Gas temperature entering 
the bag house is limited to 250°F by admitting cold 
air to the flue. This air admission also is used to 
make minor furnace-draft adjustments. Approxi- 
mately 6 lb of dust, running 86 pct Cu, is recovered 
per ton of cathodes melted. Dust is used in the 
manufacture of Noranda-brand copper sulphate. 


Pour Hearth 
The pour hearth was designed to act as a holding 
vessel between the arc furnace and pouring ladle. 
Containing 4% to 5 tons of melt, it serves to smooth 
out temperature fluctuations in the are furnace. The 
unit was built by Ajax Engineering Co. 
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The hearth is a refractory-lined steel cylinder in- 
clined at 1% in. per ft to the horizontal. Inlet and 
outlet tubes are on an axis parallel to the principal 
axis of the hearth. The furnace rests in a cradle 
which rotates about the inlet-outlet axis, this pro- 
viding a means of adjusting the rate of discharge. 

The 60 cycle inductor unit, rated at 125 kw, bolts 
to a flange on the under side of the hearth shell. The 
case of the unit is of welded-steel construction and 
is provided with a high permeability core and a 
glass tape-insulated primary coil. Cooling of core, 
primary coil, and refractory lining around the 
primary is done by two 1000 cfm blowers. 

The hearth is lined with 4% in. of chemically 
bonded magnesite brick backed by fireclay brick, in- 
sulating brick, and asbestos board. The inductor 
unit and connecting throat in the hearth are gun- 
rammed with sillimanite. Refractory life has been 
excellent; an inductor replaced in May 1953 had 
been in service for 41 months. At the same time, the 
hearth lining which had been in use for 45 months 
was renewed also although still serviceable. 

Pour-hearth electrical-control equipment is housed 
in a cubicle at the arc-furnace switchboard. Power 
is supplied to the cubicle by the 550 v auxiliary- 
equipment transformer. The cubicle contains the 
usual switchgear, auto-transformer, interlocked high 
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SECTION A-A 


Fig. BES Diagtons of the electric arc furnace showing refractory-lining details. Operating life between repairs for the lining as described 
is 6 to 9 months of two-shift casting operation. After this period, charge slot, skim door, and roof refractories are replaced completely 
and any repairs necessary are made to side walls. Bottom life is longer. Launder lining is high chrome-magnesite trough brick backed by 


fireclay and insulating brick. 


and low power contactors, and power-factor com- Manual selectors permit connecting the 10, 20, or 30 
pensating capacitors. Five voltage taps supply nomi- kw taps to the “low” power contactor and the 70 or 
nal draws of 10, 20, 30, 70, and 110 kw, respectively. 110 kw taps to the “high” power contactor. High or 
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low power selection can then be made by a selector 
switch. Also, by this switch, the furnace can be put 
on automatic temperature control. 

For holding during layover periods, the furnace is 
placed on auto-control and held by a controlling 
recorder to within 10°F of desired temperature. 
Temperature measurement is made by a Rayotube 
sighting on a closed-end silicon-carbide target tube 
partially immersed in the melt. The recorder, by 
mercury switching, places the inductor on either 
high or low power according to temperature. 

The pour hearth is normally operated on the 30 
and 70 kw taps. Holding power is 52 kw at 2150°F 
and load power factor, 40 pct. 


Casting Equipment and Operation 

Wire bars and vertically cast cakes are cast from 
a conventional bowl-type ladle, using either one or 
two lips as required. The steel shell is lined with 
fireclay brick covered by a % in. protective coating 
of Portland cement. Lips are made from fireclay 
trough brick. The ladle is tilted by a hydraulic 
cylinder working through a cable system. 

Vertically cast billets are poured in pairs from a 
brick-lined cylindrical two-lipped oil-fired distribu- 
tor. Metal is poured from the cylinder by rotation 
about the principal axis. Additional pouring control 
is provided by tilting this axis and by forward and 
sidewise motions. The streams from the lips are 
directed into the molds by fireclay-brick funnels. 

The two pouring operations are illustrated in 
Figs. 4 and 5. 

The 28 ft casting wheel has 14 positions providing 
for a maximum of 28 molds. Pipes entering and 
leaving the wheel through a central distributing 
hub provide water for circulation through the water- 
cooled vertically cast molds. The cooling bosh is 
equipped with an 8 ft wide steel-lagged conveyor 
which elevates shapes to the inspection floor. 

Molds are cast from tough-pitch copper. Those for 
horizontal wire bars are prepared for use by air 
hammering the pocket faces until smooth. Castings 
for vertically cast cake and billet molds are trans- 
ferred to the mold shop where pocket faces are ma- 
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Fig. 3—Arc-furnace charging machine: a 
tilting roller-bed table hinged to the 
charge-slot framing. Tilting is effected by 
an air cylinder mounted on the under side. 
Photograph shows the equipment in oper- 
ation. 


chined and water-cooling channels drilled. The 
cooling system consists of a series of holes which 
allows water to enter headers near the bottom of the 
molds, rise in vertical channels parallel to the 
pocket faces, and leave by headers near the top. 

Cooling water for cake and billet molds is pumped 
to the casting wheel at 1500 gal per min, 55 to 65 
psi, and 185° to 195°F. Water returns from the 
wheel to a 5000 gal storage tank which serves as a 
head tank for the circulating pump. Cooling-water 
temperature is controlled by a resistance thermom- 
eter in the return line and is recorded by a pneu- 
matic-type recording controller which, operating 
through an air-actuated valve, admits cold water to 
the return line as required. A 5 psi overflow valve on 
the storage tank drains excess water to the sewer. 

In general, furnace operation consists of four ma- 
jor steps: charging, melting, mold preparation, and 
casting. These steps are governed to produce non- 
porous castings with smooth, inclusion-free surfaces, 
and set surfaces which meet accepted standards. 
Metal temperature, oxygen and sulphur contents, 
mold conditions, and pouring procedure are factors 
to be controlled. Successful operation requires a 
balance between these factors. Working procedures 
have been designed to produce this balance while 
maintaining satisfactory equipment life. 

Cathodes to be melted in the arc furnace are 
selected with regard to structure of the deposit. Sul- 
phate inclusions in nodulated or deeply striated 
cathodes lead to casting difficulties; hence, smooth 
uniform deposits are preferred. Surface sulphates 
are removed by rinsing. Cathodes are spray-washed 
with hot water immediately after leaving the elec- 
trolytic cells. They are then transported to the fur- 
nace charge floor in three to four ton industrial car- 
loads where each load is dip-washed in hot water 
to remove sulphates trapped in suspension loops, 
stacked, and allowed to dry before charging. Cath- 
odes are charged singly at calculated time intervals 
according to desired melting rate. 

Casting procedures and equipment for all shapes 
have been adjusted to give casting rates from 9 to 12 
tons per hr. In this range, the 127 v tap is used for 
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melting. Power consumption, while melting, aver- 
ages 250 kw-hr per ton at 75 pct power factor. 

Pouring temperatures for vertically cast shapes 
are limited to 2050 + 10°F at the pouring-ladle lip. 
Temperatures throughout the system must be con- 
trolled to yield this requirement. The control is 
effected largely in the arc furnace by adjusting con- 
ditions according to taphole temperature. The ideal 
arrangement is to charge at the required casting 
rate and adjust power input to give the desired tap- 
hole temperature, maintaining this balance through 
the casting period. However, deviations from this 
procedure are caused by other considerations such 
as start-up and shut-down when operating with one 
or more holding shifts and by minor variations due 
to electrode slipping, charge-slot cleaning, casting 
interruptions, etc. Compensation for such variations 
is made by altering power input or charge rate. 

The pour hearth, acting as a capacitor, cushions 
the effect of arc-furnace surges on casting tempera- 
ture. Rapid cooling in the pour hearth is done by 
charging cathode cuttings. Also, under normal 
operating conditions, a 125 lb tough-pitch slab cast 
in a 250 lb horizontal wire-bar mold is fed con- 
tinuously into the pouring-ladle bowl. However, if 
low pour-hearth melt temperatures, and hence low 


casting temperatures, are encountered, this slab is . 


removed to provide a casting-temperature increase. 
After corrective measures have been taken in the arc 
furnace and pour hearth, the slab is replaced in the 
ladle bowl. 

At 15 min intervals during the casting period, 
temperatures are measured at the arc-furnace tap- 
hole using a chromel-alumel immersion-type pyro- 
meter. Pour-hearth temperature is recorded con- 
tinuously by the Rayotube installation. Ladle-lip 
temperatures are estimated by the furnace operator 
although frequent checks are made with the immer- 
sion pyrometer. 

Fig. 6 graphically illustrates temperatures at the 
arc-furnace taphole, pour-hearth melt, and pouring- 
ladle lip for a typical single-shift casting period. 

Accurate oxygen-content control is essential if 
acceptable set surfaces are to be produced on tough- 
pitch shapes. With the simultaneous melting and 
casting procedure, this becomes a problem of bal- 
ancing oxygen pickup against copper melted. 

Except for a small pickup where the metal stream 
drops into and out of the pouring ladle, oxygen must 
be obtained by air admission to the arc furnace, pour 
hearth, or pouring ladle. To limit this admission 
primarily to one location and, hence, simplify con- 
trol, a charcoal-briquette cover is maintained in the 
pour hearth and pouring ladle. Launder openings 
are covered by loose bricks. As a result, oxygen 
pickup is confined essentially to the are furnace. 

Air enters the arc furnace as cathodes are charged. 
Also, a 6 in. square opening is left in the work door. 
Control is effected by altering furnace draft and, 
when necessary, the work-door opening. Under nor- 
mal conditions, satisfactory control is obtained by this 
method. Where additional pickup is desired, air can 
be admitted by opening the loose launder cover or 
by removing portions of the charcoal-briquette 
cover in the pour hearth. Limited reduction in the 
oxygen content of the metal is effected by working 
the pouring-ladle cover into the melt. 

Samples for optical estimation of oxygen content 
are taken from the arc-furnace tiaphole and the 
pouring-ladle lip at 1 hr intervals during the cast. 
The samples, measuring % in. diam by 3% in. long 
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Fig. 4—Cake pouring ladle in operation. Wire bars and vertically 
cast cakes are poured from the conventional bowl-type ladle, as 
illustrated, using either one or two lips as required. 


Fig. 5—Billet distributor, showing how vertically cast billets are 
poured in pairs from the brick-lined cylindrical two-lipped oil-fired 
distributor. Metal is poured from the cylinder by rotation about the 
principal axis. Streams from the lips are directed into the molds by 
fireclay-brick funnels. 


are cut, polished, etched, and examined at 60 diam. 
Results are used for control purposes and as a check 
on oxygen content of the shapes. 
Typical average oxygen-content 
through the system is shown in Table I. 


distribution 
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Fig. 6—Copper temperature distribution for a typical single-shift 
casting period. 


Molds are dressed by applying a thin layer of bone 
ash. The thickness, uniformity, and adherence of 
this coating largely determine the surface quality of 
the castings. 

When casting horizontal wire bars, a 10°Be slurry 
is sprayed onto the mold pocket. Mold temperature 
is kept at 270° to 310°F. 

For vertically cast shapes, a more extensive pro- 
cedure has been adopted. Mold temperatures prior 
to dressing are kept at 185° to 195°F by circulating 
water as described previously. Pocket faces are 
gently rubbed with a soft woolen swab to remove 
discolored material from the residual coating. New 
dressing is applied by flowing on a bone-ash slurry 
using a 1144x1/16 in. nozzle operating under a 4 ft 
head. The nozzle is held against the top edge of the 
mold face and passed slowly around the perimeter. 
Specific gravity of the slurry depends on shape di- 
mensions and varies from 15° to 26° Be. 

Accurate oxygen-content control must be sup- 
plemented by correct pouring technique if accept- 
able set surfaces are to be produced. Depending on 
dimensions, each shape is poured during a given 
time interval. However, for vertically cast shapes, 
the interval is not divided uniformly along the ver- 
tical center line. The pouring rate is diminished con- 
siderably for the top 3 in. of the casting. In practice, 
the total pouring time is measured and the correct 
distribution of this interval obtained by personnel 
training. 

Splashes, shot, cold-sets, seams, etc., must also be 
avoided. Vertically cast cakes are floated in the 
usual manner. Vertically cast billet-mold doors are 
cupped to diminish splashing. 

Silver-bearing tough-pitch shapes, with silver 
contents between 8 and 25 oz per ton according to 
specification, are made by adding electrolytic silver 
sand. In preparation for a silver-bearing cast, the 
pour-hearth melt is brought to required content 


Table 1. Average Oxygen Contents During Casting Period, Pct 


Arc- 
Furnace Pour- 
Tap- Hearth Ladle In 
Shape hole Melt Lip Shape 
4x13x19 in. vertically cast cake 0.025 0.030 0.033 0.035 
4x16x30 in. vertically cast cake 0.030 0.035 0.035 0.040 
cake 0.035 0.040 
7 13/16 in. diam by 52 in. long ee ee 
vertically cast billet 0.025 0.025 0.025 0.030 
250 lb horizontal wire bar 0.030 0.030 0.030 0.030 
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Table II. Vertically Cast Copper Analysis 


Cu 99.945 pet 

Ag 0.40 oz per ton 
Au 0.02 oz per ton 
Se 0.0003 pct 

Te 0.0002 pct 

AS 0.0001 pet 

Sb 0.0001 pct 

Pb 0.0002 pct 

Fe 0.0008 pct 

s 0.0016 pct 


during an off shift. The required weight of silver 
then is added to the copper stream in the launder as 
each shape is poured during the cast. The procedure 
utilizes the pour-hearth inductor agitation and melt 
weight to keep variations to within +1 oz per ton of 
any specified content. 


Sampling and Inspection 

One electrical conductivity test is made for each 
casting period. For this test, a sample is taken from 
the pouring-ladle lip and cast into a billet 15% in. 
diam by 5% in. long. The billet is skinned, forged to 
¥% in. rod, and cold drawn to 12 gage wire. The wire 
then is annealed and conductivity determined. Aver- 
age conductivity is between 100.30 and 101.10 pct, 
based on International Annealed Copper Standard. 

For each 8 hr casting shift, one shape is selected 
as a sample. The sample is drilled and the drillings 
sent to the Canadian Copper Refiners Ltd. laboratory 
for analysis. Typical results are shown in Table II. 

From the bosh conveyor, all vertically cast shapes 
are transferred to inspection skids where they are 
examined for defects. Principal causes for rejection 
are the inability of set surfaces to meet accepted 
standards, deep-seated surface inclusions, sweat, 
and casting seams due to splashing. Shallow inclu- 
sions are removed by grinding and ends are cropped 
to eliminate mechanical bruises, shallow seams, and 
slightly low set surfaces. Where subsurface porosity 
is suspected, set surfaces are also cropped. Sawn 
shapes are reinspected and rejected if any defects 
are visible. Horizontal wire bars are similarly in- 
spected but no cropping equipment is available. All 
rejected shapes are sent to reverberatory furnaces 
for remelt. 

During layover periods, bath temperature in the 
arc furnace is held at approximately 2250°F by 
applying power at 30 min intervals. Holding power 
is 180 kw. Oxygen content is kept at 0.030 to 0.040 
pet by the electrodes and by adding hard-wood 
brands. To aid gas elimination prior to casting, oxy- 
gen content is increased to 0.5+ pct by venting and 
then reduced to casting requirements by poling. 

The pour hearth is held at 2150°F by the Rayo- 
tube control unit. Oxygen content is maintained at 
0.030 pet by charcoal-briquette additions. 

The Canadian Copper Refiners Ltd. electric fur- 
nace is equipped, at present, to cast the following 
tough-pitch shapes: 250, 265, 275, and 300 lb hori- 
zontal wire bars: 4x13x18, 4x13x19, 4x16x25, 
4x16x30, 3%x25x22, 314x25x38, 5x12x32, and 
5x14x32 in. vertically cast cakes; and 7 13/16 in. 
diam by 52 in. long vertically cast billets. 
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Some Factors Affecting Open-Hearth Performance 


by D. J. Carney, J. J. Oravec, and E. Van Meter 


A study was made of combustion-air temperatures and factors affecting air tem- 
peratures in the open-hearth regenerative systems. Air-temperature surveys in the 
regenerative system revealed marked thermal gradients in the air above the 
checkers. The design of the fantail-uptake region plays a prominent part in increas- 
ing the heat recovery of the regenerative system. 


HE efficiency of the open-hearth regenerative 

system is one of the most important factors 
affecting open-hearth performance. Until recently, 
this factor has not received the attention in the lt- 
erature given to many other items affecting perform- 
ance, such as the type of charge, speed of charging, 
and the mechanical equipment of the open hearth. 
J. S. Marsh’ emphasized the importance of the flame 
temperature and its dependence upon the combus- 
tion-air temperature. By means of measured air 
temperatures in open-hearth furnaces, data were 
presented which showed a remarkable degree of 
correlation between production rate and combustion- 
air temperature. This correlation was extremely 
good in view of the numerous factors, other than air 
temperature, which affect open-hearth production 
rates. In Marsh’s work, a 100°F increase in air tem- 
perature reduced the heat time by approximately 
45 min. 

Realizing the importance of combustion-air tem- 
perature, it is desirable to know which factors con- 
trol the regenerative efficiency of the open-hearth 
furnace. B. M. Larsen recently discussed this sub- 
ject.2 The present paper illustrates a few of the more 
important items that affect regenerative efficiency 
and combustion-air temperature. 

In the latter part of 1951, a study of open-hearth 
combustion-air temperatures was begun at the South 
Works of the United States Steel Corp. In the initial 
work at open-hearth shop X, which produces low 
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carbon steel products, temperatures were measured 
in the uptake in a manner similar to that used by 
Marsh‘ and the results obtained were very similar to 
the Bethlehem data. When it was decided to expand 
the study of combustion-air temperatures, open- 
hearth shop Y was selected because of the greater 
variety of furnace-design features, types of steel 
produced, and firing rates used. With the use of 
aspirating thermocouples, continuous gas analyzers, 
thermocouple and optical pyrometers, a study was 
made of: 1—effect of combustion-air temperature on 
open-hearth production rate, 2—thermal gradients 
present in various zones of the regenerative system, 
3—effect of furnace-design variations on air tem- 
perature and heat recovery, 4—effect of furnace- 
operating variables on heat recovery, and 5—varia- 
tion in heat recovery with furnace age during the 
normal furnace campaign. 

Data collected on individual heats at 15 min in- 
tervals included air-flow rate, firing rate, checker 
temperature, combustion-air temperature, and fur- 
nace pressure. These data were collected on approxi- 
mately 230 heats of steel. In addition, information 
was obtained at random on air infiltration and com- 
bustion-gas compositions. The data gathered have 
shown the desirability of closer control of open- 
hearth firing practices, a need for reducing air in- 
filtration in the uptake zones, and a need for further 
study of design of checkers and of uptake-fantail 
areas. 

Equipment 

Air is practically a nonradiating medium. Con- 
sequently, in the measurement of air temperatures, 
the principle of heat conduction must be used rather 
than heat radiation. For this reason, aspirating-type 
thermocouple pyrometers normally are used to 
measure air temperatures. With these devices, air 
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Fig. 1—Front end of the aspir- 
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is drawn over the hot junction of a thermocouple 
at a high velocity by means of an aspirator. In the 
open hearth, since the refractories are always hotter 
than the air and since the brick gives off heat by 
radiation, the thermocouples used to measure air 
temperature must be protected from the radiated 
heat of the brick. In addition to the foregoing re- 
quirements, the aspirating thermocouple for the open 
hearth must be durable and capable of accurate tem- 
perature measurement for a reasonable period of 
usage. The design of the aspirating pyrometer which 
was used in the present study was developed and 
calibrated by the Kearny Research Laboratory of 
the United States Steel Corp.” The thermocouple 
hot-junction section of this instrument is shown in 
Fig. 1 and a photograph of the assembled equipment 
is shown in Fig. 2. Shielding from radiation is ac- 
complished by a refractory open-end tube rather 
than by nickel tubes which were used in the Beth- 
lehem study. A platinum foil covers the hot junction 
of the thermocouple to promote conductivity and 
also to act as a further shield from radiated heat. A 
l-in. Schiuitte-Koerting ejector with a controllable 
compressed-air flow was used as the aspirating de- 
vice to control the hot-air flow over the thermo- 
couple. The desired flow of combustion air passing 
by the thermocouple hot junction was obtained by 
increasing the compressed-air flow of the ejector to 
the point at which further increases in air supply 
caused no discontinuity in the temperature record. 
Cities Service Heat Provers were used to obtain 
waste-gas analyses. These instruments operate on 
the principle of rapid combustion of gases and yield 
a continuous record of oxygen and combustibles. 
Additional equipment used included thermocouples, 
potentiometers, and optical pyrometers. 


Procedure 
Except for the special studies which are discussed 
individually in this report, the normal procedure 
followed in the investigation of combustion-air tem- 
peratures was as follows: 
The aspirating-thermocouple equipment was as- 
sembled at one end of the furnace and the thermo- 


Fig. 2—Aspirating pyrometer and complementary equipment. 
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couple was inserted through a small hole in the end 
wall at the sill level of the rear uptake. The unit 
was inserted at the beginning of each air cycle and 
removed at the end of the air cycle. A continuous 
record of the air-temperature variation during each 
air-reversal cycle thereby was obtained. A complete 
chronological heat log was kept which included not 
only the combustion-air temperature but also the 
fuel-firing rate, air-flow rate, steam pressure, fur- 
nace pressure, checker temperatures, and furnace 
additions. In addition, a record was kept of the heat 
number, grade of steel, charging time, hot-metal 
analysis, melt carbon, furnace age from reline to 
reline, and all other furnace data which seemed per- 
tinent. A typical log is shown in Table I. The max- 
imum (start) and minimum (finish) temperatures 
of each air cycle were noted. The mean temperature 
for each air reversal was derived by taking the arith- 
metic mean of the highest and lowest recorded air 
temperatures. This simplification eliminated the 
necessity of integrating the area under each air tem- 
perature-time curve to determine the true mean air 
temperature for each cycle. The relationship of the 
true and the arithmetic mean temperature was in- 
vestigated for a number of heats. In general, the true 
mean temperatures were slightly higher than the 
arithmetic mean temperatures but the difference was 
reasonably uniform and not large enough to be of 
great significance in this work. The mean tempera- 
tures of each air cycle from the end of lime boil to 
the time of tap were averaged and used as an index 
of the furnace performance. Also, for comparison 
purposes, the average checker temperatures for each 
cycle, as measured by four chromel-alumel thermo- 
couples inserted through the checker bulkheads into 
the zone above the checkerwork, were averaged over 
the same period of the heat. 

In addition to this standard procedure, certain 
special studies were made. One of these studies in-- 
volved the measurement of air temperatures in other 
parts of the regenerative system. In this study, two 
aspirating thermocouples were used simultaneously. 
The positions selected for study were 1—furnace up- 
take at sill level, 2—checker bridgewall, and 3— 
checker bulkhead. In all furnaces but one, the 
checker area was divided into two sections, called 
the air checker and gas checker, respectively. The 
air-temperature measurements usually were taken 
in both the bridgewall and bulkhead zones. In one 
of the furnaces studied, the all-basic, the checker 
chamber was not divided. Variations in the air tem- 
peratures were recorded at the checker bulkhead 
and checker bridgewall, both vertically and hori- 
zontally. After determining the temperature varia- 
tions at these position, the standard position selected 
for most studies was approximately 6 ft from the 
checker inner wall and 15 in. above the top of the 
checkers for silica furnaces and 9 in. above the top 
for the all-basic furnace. For correlation purposes, 
the measured checker air temperatures were com- 
pared with optical-pyrometer readings at the bridge- 
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wall and with checker-thermocouple readings in the 
bulkhead. 

Studies were made also by taking air-temperature 
measurements at sill-plate level on both ends of the 
same furnace when checkers were balanced ther- 
mally and when checkers were out of balance. When 
temperatures were measured in only one uptake of 
the furnace, data were collected only when the 
checkers were in reasonable thermal balance. 

Other variations from the normal procedure in- 
volved the use of heat provers to obtain waste-gas 
analysis simultaneously with the air-temperature 
measurements. For the study of combustion, the 
heat provers were inserted in the same positions as 
the thermocouples at the sill level in the uptake at 
the opposite end of the furnace. For the study of 
air infiltration, two heat provers were used simul- 
taneously, one at sill level and one in the checker 
flues. Other variations from normal procedures in- 
volved the use of major variations in air-flow rates 
during short-time intervals and a study of the effect 
of various furnace pressures on air temperature. 

In order to study changes in furnace design, em- 
phasis was placed on obtaining data from five par- 
ticular furnaces at open hearth shop Y. These five 
130 ton furnaces are described in Table II and may 
be differentiated briefly as follows: 1—Furnace A 
is an all-basic furnace which has suspended basic 
brick in the roof, port slope, uptake walls, and fan- 
tail zone. The double uptake area is 43 sq ft. 2— 
Furnace B is representative of suspended basic- 
refractory construction in the uptake walls and fan- 
tail zone with a silica main roof. The uptake area 
is 43 sq ft. 3—Furnace C is an extended-hearth fur- 
nace with a single uptake construction 40 sq ft in 
area. 4—Furnaces D and E are conventional silica- 
roof construction and are typical of 11 of the 14 fur- 
naces in this shop. These furnaces have double up- 
takes 50 sq ft in area. In addition, furnace E uses a 
slightly different firing practice than furnace D. 

These variations are particularly well suited for 
analysis, since these furnaces are all located in the 
same shop and are producing the same products. 
Some of the similar features of these furnaces are 
as follows: 1—All furnaces, with the exception of 
A, have identical types of checkers and checker roofs. 
The all-basic furnace has a single checker chamber 
with a flat suspended checker roof as compared to 
the divided chamber and double-arch roof of the 
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Fig. 3—Graphical presentation of data obtained on a representa- 
tive heat. 


other furnaces. 2—All furnaces, with the exception 
of C, have the same hearth area and bath depth. 3— 
Each furnace has basic end walls, forced-air fans, 
waste-heat boilers, manual reversing controls, fuel 
oil, and natural-gas firing facilities with steam atom- 
ization. 4—Furnaces A and C are equipped with 
facilities for the use of compressed air for flame 
enrichment. The importance of some of these fea- 
tures will be discussed in a later section. 


Results and Discussion 

Results of a Typical Heat: Before beginning a dis- 
cussion of the results which out of necessity have 
been condensed greatly, the results of a portion of 
an individual heat are shown graphically in Fig. 3 
and in detail in Table I. Fig. 4 illustrates the varia- 
tion in combustion-air temperature during a single 
air cycle. These data are typical for the regenerative 
system at open-hearth shop Y when using the normal 
air-flow and firing rates. With the average reversal 
time of 15 min and manual control, the temperature 
will fall approximately 180°F during an air cycle. 
These results compare favorably with the single- 
pass checker-system data illustrated by Marsh.’ It 
should be remembered that in this report the aver- 
age air temperature of each cycle is used rather than 
the maximum air temperature of the cycle or the 
temperature after 5 min elapsed time, which criteria 
have been used by various authors. Fig. 3 illustrates 
the variation of the average air temperature for each 


Table |. Log* of Heat Presented Graphically in Fig. 3 


Air Checker Bridgewall 
Optical-Pyrometer 


Firing Practice 


Temperature Oil, Gas, Air, Fur- 
Mil- Mil- Thou- nace 
Sill-Level Air Checker Bridgewall 2 Min Fin- lion lion sand Pres- 
Time Air Temperature Air Temperature after Half ish Btu Btu Cu Ft sure, 
Re- Re- Re- per per per Steam, In. 
Start Finish Start Med. Finish Half Start Med. Finish Half versal versal versal Hr Hr Hr Psi H.O 
: 10:05 am 2250 2150 2050 2140 1710 1655 1600 1640 2190 2100 2020 40 12 600 115 0.07 
ie ata 10:40 am 2280 2175 2070 2160 1710 1660 1610 1650 2230 2075 2050 40 12 600 a5 0.08 
10:55 am 11:10 am 2250 2155 2060 2160 1710 1660 1610 1660 2220 2095 2045 40 12 600 110 0.06 
11:27 am 11:42 am 2320 2205 2090 2180 1840 1680 1620 1670 2265 2135 2075 40 13 600 110 0.06 
11:56 am 12:11 pm 2320 2210 2100 2200 1760 1700 1640 1680 2250 2125 2075 39 09 600 115 0.05 
12:25 pm 12:40 pm 2240 2160 2080 2160 1760 1700 1640 1675 2215 2110 2025 39 09 600 105 0.05 
Furnace Additions 
4 4 10 1b limestone 11:45 am: 0.40 pet C 12:30 pm: 900 1b burnt lime 
11:00 ae moe baa pet C 11:55 am: bath temperature, 2850°F 12:40 pm: 0.10 pet C 
11:05 am: 1500 1b lump ore 12:03 pm: 1200 1b limestone 12:45 pm: block 
11:25 am: 2400 1b limestone 12:10 pm: 0.22 pet Cc 1:05 pm: lite 
11:30 am: 1000 1b lump ore 12:20 pm: 1200 Ib limestone 1:15 pm: tapped 


* lowi data pertain to the log chart: date, Jan. 1, 1953; grade of steel, Triten; firing, north end; heat no. 1001; tap carbon, 
* 0.10 Lia Poets, aillsiavel and checker bridgewall; charging, from 3:10 am to 4:45 am; charging time, 1 hr 35 min; hot metal, 6:00 am 
and 6:15 am 1.16 pet Si and 0.050 pet S; melt, 11:00 am, 0.71 pet C; block, 12:45 pm; and begin charge-to-block, 9 hr 35 min. 
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Fig. 4—Air-temperature variation throughout a typical air 
cycle. 
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Fig. 5—Effect of combustion-air temperature on uncorrected 
begin charge-to-block time on standard silica furnaces. 


cycle during the latter portion of a single heat. The 
average air temperature of this heat from melt to 
tap was 2185°F and the corrected heat time was 
9 hr 07 min. Data of this nature were used to eval- 
uate the effect of combustion-air temperature on 
production rate. These findings will be discussed in 
the next section. 
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Fig. 6—Effect of combustion-air temperature on corrected 
begin charge-to-block time on standard silica furnaces. 


Effect of Combustion-Air Temperature on Open- 
Hearth Production Rate: For each heat studied, the 
average combustion-air temperature from melt-to- 
tap or furnace block was obtained as described above. 
These data then were compared with the open-hearth 
heat time as measured in hours from begin charge- 
to-tap or block. Fig. 5 illustrates the correlation of 
combustion-air temperature and heat time for the 
open hearth shop Y silica furnaces. Each point repre- 
sents one individual heat. It can be seen that there 
is a fair correlation between heat time and the com- 
bustion-air temperature. However, since this shop 
produces a variety of steel products ranging from 
1.00 to 0.05 pet C, all of the heat-time data were 
corrected to a constant tap carbon and charging time 
by means of factors developed by the Industrial 
Engineering Dept. The heats were corrected to a 
0.20 pet C content at tap and further corrections 
were applied if the charging time was over 1 hr. 
Fig. 6 illustrates the same data as Fig. 5 except that 
corrections have been made for tap carbon and 
charging time. It is readily apparent that there is 
considerably less scatter of the points when these 
corrections were applied, and a much stronger cor- 
relation exists between combustion-air temperature 


Table Il. Specifications of No. Y Open-Hearth Furnaces 


No. A No. B No. C Standard Silica 

Hearth dimensions at foreplate level: 

length, ft 38.0 38.0 44.0 38.0 

width, ft 14.25 14.25 14.25 14.25 

area, sq ft 542 542 627 542 
Zone area* at furnace center line 

(above foreplate, elevation 32 ft 2 in.), sq ft 87.0 95.2 95.2 95.2 

Uptake dimensions (each end): 

number of uptakes 2 2 a 2 

uptake zone area, sq ft 43.2 43.2 39.8 49.2 

zone area under burner arch, sq ft 188.0 188.0 _ 156.7 
Zone area under fantail arch, sq ft 1337 PSSei 72.0 72.0 
Zone area at checker bridgewall, sq ft 84.0 62.2 62.2 62.2 
Checker-chamber dimensions (each end): 

number of checker chambers 1 2 2 2 

volume of checkers, cu ft 5550 4160 3927 3927 

height of checkers, ft 10.0 8.5 8.0 8.0 
Refractories: 

main roof Basic Silica Silica Silica 

port slopes Basic Silica Silica Silica 

end walls Basic Basic Basic Basic 

fantails Basic fireclay Basic fireclay Fireclay Fireclay 

checker roof Fireclay Fireclay Fireclay Fireclay 
Reversing valve type Blaw-Knox straight-line Dybliet butterfly Dybliet butterfly Dybliet butterfly 
Flame-enrichment available Yes No Yes No 
Manual reversing controls Yes Yes Yes Yes 
Forced-air fans Yes Yes Yes Yes 


* Zone area: area of a section perpendicular ‘to the direction of gas travel. 
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and the corrected heat time. In all future data in 
this report, the heat times plotted have been cor- 
rected in this manner. 

In Figs. 7 and 8 are shown the correlation of air 
temperature and heat time for A (all-basic) furnace 
at open-hearth shop Y and for the silica furnaces at 
the open-hearth shop X. Fig. 9 illustrates the dif- 
ferences observed over the period of study for the 
various furnaces at the open-hearth shop Y. The 
line drawn for each furnace design is the average 
curve obtained from measurements on approximately 
35 heats during the course of several furnace cam- 
paigns. The data for these furnaces have been plotted 
individually in order to demonstrate that an open- 
hearth furnace does tend to possess individualistic 
performance characteristics. In these cases, however, 
these furnaces did vary somewhat in design and 
operation. 

The explanation offered for the major differences 
observed between the furnaces illustrated in Fig. 9 
is as follows: Furnace A (all-basic) has an average 
of 1 hr shorter heat time than the shop silica fur- 
naces largely because of the use of a 10,000,000 Btu 
per hr increased firing rate as compared to other 
shop furnaces. A higher firing rate necessitated a 
larger air-flow rate on furnace A which, in turn, 
resulted in somewhat lower air temperature but 
faster heat times. For a given fuel and air-flow rate, 
increased air temperatures resulted in shorter heat 
times. 

In summary, it can be seen that, considering all 
the variables that affect open-hearth heat time, there 
exists a very strong correlation between heat time 
and average combustion-air temperature. 

Effect of Furnace Age on Open-Hearth Air Tem- 
perature and Furnace Performance: It is known gen- 
erally that furnace efficiency and production rates 
decline throughout the progress of furnace cam- 
paigns. This efficiency loss results from changes in 
the overall thermal efficiency of the regenerative 
system. Some factors contributing to the decline in 
heat efficiency are: 1—deposition of dirt and oxide 
in the regenerative system, 2—increased air infiltra- 
tion, and 3—heat loss through the refractories re- 
sulting from refractory deterioration. 

The degree of air infiltration at any given stage 
in a particular campaign is not consistent with age 
but varies with details of construction, the method 
of furnace operation early in the campaign, and re- 
fractory conditions at the various stages of the cam- 
paign. From the air-infiltration studies on furnaces 
at open-hearth shop Y, a general trend is evidenced 
in air-infiltration changes throughout a furnace cam- 
paign. On the first few heats subsequent to relining, 
the typical shop furnace with conventional uptake 
design has an air infiltration of the order of 25 pct. 
After mechanical sealing of the furnace ends and of 
the regenerative-system bulkheads during the first 
few heats and the natural sealing by fluxing of re- 
fractory hot faces, the air infiltration is decreased to 
approximately 15 to 20 pct after the accumulation 
of 30 to 60 heats. Measurements on heats through- 
out the rest of the campaign indicate that air in- 
filtration’ gradually increases to approximately 20 to 
25 pet near the end.of the campaign. A sharp change 
in air infiltration and heat losses frequently occurs 
in the latter heats of a campaign when the refrac- 
tories are in relatively poor condition. This type of 
change is noticeable particularly in the furnaces 
with sections of suspended-basic bricks. 

The supposition that combustion-air temperature 


TRANSACTIONS AIME 


is a measure of many undeterminable factors present 
in normal open-hearth furnace operation is sub- 
stantiated in Figs. 10 and 11. In these charts, both 
heat time, expressed as the corrected begin charge- 
to-block time, and average combustion-air tempera- 
ture are plotted against the furnace age. 

It is evident in these plots that heat time through- 
out a campaign parallels the changes in heat losses 
and air infiltration. Performance peaks in the cam- 
paigns are indicated by high combustion-air tem- 
perature and lowest begin charge-to-block times at 
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Fig. 7—Effect of combustion-air temperature on corrected begin 
charge-to-block time on No. A furnace. 
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Fig. 8—Effect of combustion-air temperature on corrected 
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Fig. 9—Characteristic effect of combustion-air temperature during 
steel refining on corrected begin charge-to-block time for Nos. A, C, 
and shop silica furnaces. A is No. A all-basic; B, No. C extended 
hearth; and C, average of shop silica. 
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approximately 50 heats. After this peak, there isa 
general decrease in combustion-air temperature 
which is approximately 30°F for each additional 50 
heats accumulated. 

The accelerated deterioration of refractories and 
resultant decline in combustion-air temperature near 
the end of a campaign is most evident in the data 
for the eighth campaign of the A (all-basic) furnace 
shown in Fig. 11. This effect is the result of rapid 
changes in efficiency of the regenerative system, as 
structural changes occur in the suspended-basic roofs 
and ends near the close of their usefulness. This 
deterioration results in air infiltration and excessive 
heat losses. 

These charts of the relationship between campaign 
life and combustion-air temperature indicate that 
air-temperature measurement is a reliable index to 
furnace performance. The fact that an exact rela- 
tionship is not obtained can be explained somewhat 
by variations in furnace-operation technique. The 
effects of melting-chamber pressure and of fuel and 
air-flow rates on air temperature will be discussed 
later. Other factors inherent in the process could 
not be evaluated. However, in spite of all these 
variables, the air temperature-campaign life rela- 
tionship is very satisfactory and, by interpolation of 
the data, it may be concluded that inefficiency results 
if a furnace campaign is extended to the ultimate 
life of the refractories. 

Air-Temperature Survey in the Regenerative Sys- 
tem: In the course of the present study, it became 
apparent that air-temperature surveys should be 
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Fig. 10—Variations in combustion-air temperature and cor- 
rected begin charge-to-block time during a furnace campaign, 
No. D silica furnace. 
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Fig. 11—Variations in combustion-air temperature and corrected 
begin charge-to-block time during the eighth all-basic campaign, 
No. A furnace. 
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made in various sections of the regenerative system. 
To begin this phase of the investigation, a survey 
was made of the air-temperature variation in the 
uptake at sill level both in a lateral and longitudinal 
direction. Measurements were made on several heats 
on each of several furnaces. When the aspirating 
thermocouple was moved both laterally and longi- 
tudinally in the uptake zone, it was observed that 
the temperature of the air-flow stream in the uptake 
was substantially uniform. This observation is similar 
to those previously made by Marsh.* Following this 
observation, a standard procedure was adopted for 
locating the pyrometer hot junction near the center 
of the pit-side uptake well. To insure the reliability 
of air-temperature measurements on only one side 
of the regenerative system, measurements were made 
with the use of aspirating pyrometers on each end 
of the furnace. In this manner, the air temperatures 
of all the air cycles throughout the steel-refining 
period were obtained. These results showed that, in 
the last 2 hr of the heat, only a minor difference in 
air temperature (10°F) was observed from one end 
of the furnace to the other. These measurements 
were made, of course, when the checker systems 
were in reasonable thermal balance. From these re- 
sults, it was concluded that the average air tempera- 
ture obtained in the uptake on one end of the fur- 
nace during the steel-refining period yielded a tem- 
perature representative of the average for both ends, 
provided that uniform reversal times were main- 
tained and that checker temperatures were similar. 
These latter requirements were adhered to for the 
majority of heats included in this study. 

Very informative air-temperature surveys were 
made in the checker system. In the early part of the 
present study, a comparison of the measured air 
temperatures in the uptake with optical-pyrometer 
measurements taken at the checker bridgewall indi- 
cated that it was both necessary and desirable to 
measure air ternperatures in the checker system with 
an aspirating thermocouple rather than with an 
optical pyrometer or standard thermocouple. It 
seemed obvious that, if it were necessary to use 
aspirating thermocouples to obtain accurate air- 
temperature measurements in the uptake zone, it 
would be equally necessary to use these same instru- 
ments to obtain accurate air temperatures in the 
checker chambers. Access to the checker-bridgewall 
zone was provided by the installation of refractory 
pull-blocks midway between the top of the checker 
bridgewall and the roof skew channel of the air- 
checker chamber. The pyrometer used for checker- 
temperature measurements was 9.5 ft long to facil- 
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Fig. 12—Variation of air temperature measured at various 
heights above checker’ bridgewalls of all-basic and silica 
furnaces. 
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Fig. 13—Variation of air temperature measured at various heights 
above checker bridgewall of all-basic furnace. 


itate temperature measurement near the center of 
the air-checker chambers which were 13 ft wide. 
When the pyrometer was inserted, a seal around the 
thermocouple was made with asbestos packing. 

A study was made of the air-temperature segre- 
gation in the checker-bridgewall zone. The pyro- 
meter was moved in a vertical plane at different dis- 
tances from the checker sidewall. In all cases, large 
increases in air temperature were observed as the 
pyrometer was moved vertically toward the checker 
roof. The most representative temperature-strati- 
fication data were accumulated on the all-basic fur- 
nace which had a flat suspended checker roof and 
presented a uniform cross-sectional area. The rela- 
tionship obtained between air temperature and ver- 
tical distance above the checkers at the checker 
bridgewall is shown in Fig. 12 for both the all-basic 
furnace and the average silica furnace. These curves 
reveal an air-temperature variation of from 350° 
to 400°F from the tops of the checkers to the roof 
at the bridgewall. These data also demonstrate that 
at this location the air temperature in the all-basic 
furnace is approximately 200°F hotter than the air 
temperature in the silica furnaces. This difference 
is largely the result of the fact that the checker 
volume of A furnace is 41 pct greater than that of 
the silica furnaces. This increase was obtained by 
making the checkers deeper rather than longer. Fur- 
ther discussion of the differences observed in the 
regenerative systems of the all-basic furnace and 
the shop silica furnaces is given in the next section. 

The method by which the data illustrated in Fig. 
12 were obtained is shown in Fig. 13. Air tempera- 
tures were measured at the different distances above 
the checker bridgewall for one air cycle. Tempera- 
ture levels obtained were compared with the tem- 
peratures taken at the distances involved on a pre- 
ceding air cycle. Reproducibility was established by 
the fact that the two separate curves overlapped at 
the same time in the air cycle for the same distances 
above the checker bridgewall. Similar vertical 
thermal gradients were noted on all the furnaces 
studied’ Only minor temperature stratification was 
observed at any given height above the checkers 
between the checker sidewalls and center of the 
checkers. 

Following the survey conducted at the checker 
bridgewall, temperatures also were measured near 

‘the checker. bulkheads to determine the longitudinal 
variation in air temperature above the checkers. 
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Fig. 14—Variation of air temperature in different zones of the 
air-checker chamber of silica furnace. 
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Fig. 15—Variation of air temperature with distance from the 
checker bulkhead showing the effect of rider arches on tempera- 
ture distribution. 


These readings were taken through holes in the 
checker bulkhead near the center of the air chamber 
at 2 ft and at 4 in. above the checker. The longi- 
tudinal thermal segregation observed in this manner 
is demonstrated for the silica furnaces in Fig. 14. 
These data show that, for a given distance above the 
top of the checkers, the air coming out of the checkers 
at the bulkhead is approximately 400°F hotter than 
the air arising from the checkers at the checker 
bridgewall. Again, this difference was noted on all 
the furnaces studied. 

In Fig. 15 is presented the method used to develop 
data for Fig. 14. One interesting observation from 
Figs. 14 and 15 is that the air coming out of the 
checkers above each flue arch was relatively con- 
stant within each arch but increased markedly as 
each arch was passed in the direction of the checker 
bulkhead. Observations of the position of the couple 
in the checker chamber were made during the trav- 
erse by means of a second hole in the bulkhead. 

It was observed that the vertical thermal segrega- 
tion at the checker bulkhead was very minor as 
compared to vertical segregation at the checker 
bridgewall. Fig. 16 schematically shows the tem- 
perature differences observed simultaneously in the 
various parts of the regenerative system studied for 
the A (all-basic) furnace. The explanation offered 
for this stratification of air temperatures above the 
checker flues is as follows: With the long shallow 
single-pass checker system, the majority of waste 
gases tend to move to the rear to the checker bulk- 


JANUARY 1955, JOURNAL OF METALS—45 


Chrome magnesite refractories 
- Firecloy retroctories 


_-~-Holes tor aspirating 
pyrom Ser 


% 


Fig. 16—Regenerative system of No. A all-basic furnace showing 
temperature variations encountered in the various zones. 


head and down through this end of the checker sys- 
tem, thereby transferring most of their heat to the 
checkers at this position. On the other hand, the 


major portion of the incoming air, because of the 


checker design, tends to come forward to the checker 
bridgewall and up through the checkers at this 
point. Also, the air probably passes through the 
checkers in this position at a greater velocity. Fur- 
ther, since this part of the checker system has not 
received as much heat from waste gases, the air 
above the checkers at this point is not heated as 
much as the air which arises through the checkers 
at the bulkheads. The measurements presented in 
this report substantiate the line of reasoning offered 
before, which fact has been suspected by other 
writers on this subject. These data lead to the con- 
clusion that, for open-hearth regenerative systems, 
shorter and deeper checkers are preferable to long 
and shallow checkers. Furthermore, any method by 
which greater turbulence can be imposed upon the 
incoming air stream and outgoing gas stream would 
appear to be desirable. In this respect, a two-pass 
design checker should perform more efficiently than 
a single-pass design having the same checker volume. 

Effect of Furnace Design on Heat Transfer in the 
Uptake-Fantail Zone: It was noted in the present 
study that, although the all-basic furnace had a 41 
pet larger checker volume and as a result had higher 
air temperatures above the checkers, the combus- 
tion-air temperature at sill level was almost the 
same as that observed for the shop silica furnaces. 
This observation led to a number of simultaneous 
observations of combustion-air temperatures at the 


Table III. Comparison of Heat Recovery, Refractory Hot-Face Area, 
and Contained Volume in the Uptake-Fantail Zones of Various 
Furnaces in the Open-Hearth Shop Y 


No. No. No. 
A B Cc 


Standard 
Silica 


Average sill-level combus- 

tion-air temperature 

(Ts), °F 2065 2180 1980 2140 
Average air temperature 

above checker bridgewall 


(Taw), °F 1730 1675 1395 1515 
Air-temperature difference 

(Ts—Tew), °F 335 505 585 625 
Relative heat recovery in 

uptake-fantail zone. pct 16.7 23.3 30.5 30.2 
Hot-face surface area of up- 

take-fantail zone, sq ft 1318 1456 1340 1507 
Contained volume of uptake- 

fantail zone, cu ft 2513 2584 2121 1937 
Surface-to-volume ratio of 

uptake-fantail zone, ft 0.524 0.562 0.631 0.778 
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checker bridgewall and in the uptake at sill level. 
Since the air temperature was not constant in the 
zone above the checker bridgewall, all air-tempera- 
ture measurements in this phase of the work were 
made at a distance above the top of the checkers of 
15 in. for silica furnaces and of 9 in. for the all-basic 
furnace; the horizontal displacement from the 
checker-sidewall hot face was 6 ft in all cases. These 
positions were selected as the most representative 
after a study of the data obtained in the previous 
section. Although there may be some disagreement 
as to whether the position selected is the most repre- 
sentative, it appeared to be adequate for the purpose 
of the present study which compared four furnaces 
of slightly different design. 

In Table III are listed the average air tempera- 
tures measured at the sill and checker bridgewall 
for the individual furnaces studied. The line in this 


table listed ‘Relative heat recovery . ..” was de- 
rived as follows 
Ts — Taw 
Pct Uptake-Fantail Regeneration = ———_____ 


where T; is the mean air temperature in uptake at 
sill level, Tsy is the mean air temperature in checker- 
bridgewall zone, and T, is the ambient air tempera- 
ture. It should be noted first that there is a large 
increase in combustion air temperature in the up- 
take-fantail zone of the furnace. Theoretical calcu- 
lations based on the brick volume and temperatures 
in these zones revealed that the actual increases are 
theoretically possible. Further, the increases meas- 
ured are very similar to those recently reported by 
Larsen.’ It is important to remember that the up- 
take-fantail region of the furnace is as important a 
part of the regenerative system as the checkers 
themselves. 

It was observed that a relatively constant per- 
centage of increase in air temperature occurred in 
the uptake-fantail region for the individual furnaces 
studied regardless of the temperature obtained at 
the sill level. It was reasoned that this temperature 
increase should be related partly to the ratio of the 
refractory hot-face area in this furnace zone to the 
contained volume of this zone. That such a relation- 
ship did exist is shown in Fig. 17. The A (all-basic) 
furnace, although having a relatively small area in 
the uptake well, has an extremely large fantail zone, 
making the overall ratio of brick area-to-volume 
of the uptake-fantail small. The B furnace, which is 
also of suspended-basic construction below sill level, 
has a somewhat larger ratio than the A furnace and 
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Fig. 17—Relationship between surface/volume ratio and 
heat-recovery efficiency in uptake-fantail zones of various 
open-hearth furnaces. 
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Fig. 18—Effect of furnace pressure on the percentage of heat 
recovery in the uptake-fantail zones and on the percentage of 
air infiltration, No. A furnace. 


a smaller ratio than the shop silica furnaces, also 
because of the larger fantail region. It was observed 
that when the brick area-to-volume ratio in the up- 
take fantail region was high, the percentage of heat 
recovery in this zone increased, and tended to level 
off at a ratio above 0.60 for the furnaces studied in 
this investigation. 

The importance of this finding is illustrated in the 
case of the all-basic furnace. Although the air in- 
filtration for A furnace was generally low (15 pct) 
and the air temperature above the checkers was 
200°F hotter by reason of a larger checker volume, 
the actual combustion-air temperature at sill level 
was the same as that for the silica furnaces, since 
less heat was delivered to the air in the uptake-fan- 
tail zone. The explanation offered for the effect of 
the surface area-to-volume ratio on heat recovery 
is as follows: Air cannot be heated by radiation but 
must be heated by convection, consequently the air 
must be brought into contact with the hot-brick sur- 
faces to accomplish heat transfer. The narrower 
fantail-uptake regions of the silica furnaces not only 
allow more brick surface to be exposed in relation to 
volume but also, by increasing the velocity of the 
air, tend to increase turbulence and thereby increase 
heat recovery of combustion air. As in the previous 
section which indicated a need for improved design 
of checkers, the data illustrated in this section indi- 
cate a need for greater consideration of the optimum 
design of the fantail-slag pocket-uptake regions of 
open-hearth furnaces. 

Effect of Furnace-Operating Practice on Air Tem- 
perature and on Open-Hearth Production: Furnace 
Pressure: One of the operating tools available to the 
open-hearth furnace shop melters and first helpers 
is the control of melting-chamber pressure. There is 
considerable disagreement among various operators 
as to how and when high and low furnace pressures 
should be used. In the present work, a study was 
made of the effect of furnace pressure on combus- 
tion-air temperature and on open-hearth production 
rate. The all-basic furnace was used for most of this 
study. This furnace was operated at various gage 
pressures from 0.02 to 0.15 in. of water during the 
refining period. The various heats studied were 
grouped according to furnace pressures of 0.02 to 
0.05, 0.05 to 0.08, 0.08 to 0.09 and over 0.09 in. of 
water. For this grouping of furnace pressures, air- 
temperature readings were taken at the checker 
bridgewall and in the furnace uptake. In this man- 
ner the percentage of heat recovery in the uptake- 
fantail area was averaged for the 14 heats studied. 
The correlation of heat recovery and furnace pres- 
sure is presented in Fig. 18. Also on this same figure 
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are plotted measurements of air infiltration taken 
on heats operated at very low and very high furnace 
pressures. The data in Fig. 18 show a marked in- 
crease in relative heat recovery with increased fur- 
nace-operating pressure. That this increase in heat 
recovery is associated with the decrease in air in- 
filtration in the uptake-fantail zone of a furnace is 
shown by the infiltration data plotted. It is also 
possible that there are some changes in the velocity 
of the combustion air in this region when the fur- 
nace is operated at high pressures. It should be 
noted also that the air infiltration obtained on the 
all-basic furnace is of the order of 14 to 18 pct which 
is somewhat less than that normally observed on the 
shop silica furnaces. This may be associated with 
the flat checker-roof construction of the A furnace 
in place of the arch construction used on the shop 
silica furnaces. Fig. 18 reveals a reduction of ap- 
proximately 18 pct in air infiltration on the A fur- 
nace by increasing furnace pressure from 0.05 to 
0.10 in. of water. Similar studies made on silica 
furnaces in the open-hearth shop Y, when operating 
with various furnace pressures, indicate that an in- 
crease of pressure from 0.05 to 0.10 in. of water re- 
duces air leakage 17 to 20 pct. 

To illustrate the effect of furnace pressure on 
open-hearth production rates, two heats were made 
on A furnace when operating with a pressure of 
about 0.09 to 0.12 in. of water which corresponds to 
flame puffing from 4 to 5 doors. The heat times and 
air temperatures observed on these heats are com- 
pared with heat times and air temperatures of heats 
made at normal furnace pressure of 0.05 in. in Fig. 
19. It can be seen that, with the same combustion- 
air temperature, shorter heat times were obtained 
with higher furnace pressures. Waste-gas analyses 
were obtained continuously during these two heats 
so that approximately 1 pect O and 0 pct combus- 
tibles were obtained throughout the working of the 
heats. It was observed that, to meet this waste-gas 
requirement with the increased furnace pressure, 
considerably more metered air (100,000 cu ft per 
hr) had to be drawn through the furnace for the 
same fuel-flow rate. This increased air-flow rate 
was an indication of the amount of air that leaked 
into the furnace through the doors and uptakes 
when the furnace was operated at normal pressures. 

In summary, it can be stated that increased fur- 
nace pressure sometimes can effectively reduce air 
infiltration and increase open-hearth production 


~ 


a 


CORRECTED BEGIN CHARGE TO BLOCK TIME-HOURS 


2000 2100 2200 


AIR TEMPERATURE DURING STEEL 

Fig. 19—Effect of combustion-air temperature on corrected 
begin charge-to-block time on No. A furnace. Closed circle 
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Fig. 20—Effect of air-flow rate on air temperature in the uptake at 
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ture measured in the uptake at foreplate level, B is air temperature 
measured 9 in. above the center of the checker bridgewall. 
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Fig. 21—Effect of air-flow rate on combustion-air temperature 
at the middle of the air cycle. 


rates. However, the use of extremely high pressures 
lowers refractory life quite markedly, particularly if 
insufficient air is drawn through the checkers to effi- 
ciently burn fuel within the melting chamber. The 
use of high pressure with the present furnace equip- 
ment therefore is limited by the refractory life, par- 
ticularly of frontwalls and doors and by the ability 
of the drafting system to supply sufficient air for the 
high firing rates and bath-reaction rates. 

Firing and Air-Flow Rates: Various firing rates 
were used on the furnaces studied in this report. It 
was noted in general that, for furnaces of the same 
size in the same shop, those operated at the higher 
firing rates tended to have somewhat lower average 
combustion-air temperatures and still shorter heat 
times. Since increased air flow must be used with 
higher firing rates, a study was made of the effect of 
air-flow rate on combustion-air temperatures. The 
normal air flow in this shop when operating with 
60,000,000 Btu fuel per hr was 680,000 cu ft air per 
hr. In individual air cycles, the air-flow rate was 
varied for short-time intervals from 400,000 to 800,- 
000 cu ft per hr. Fig. 20 illustrates the data obtained 
in this manner on A (all-basic) furnace both at the 
checker bridgewall and in the uptake. It can be 
seen that, upon decreasing the air-flow rate from 
680,000 to 400,000 cu ft per hr, the air temperature 
increased approximately 200°F instantaneously. 
This effect was observed on numerous other occa- 
sions both on A furnace and the silica furnaces. A 
demonstration of the effect of air-flow rate on com- 
bustion-air temperature for the two types of fur- 
naces is presented in Fig 21. These data were ob- 
tained in a manner similar to that shown in Fig. 20. 
It is understood, of course, that the magnitude of the 
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effect of air-flow rate on combustion-air tempera- 
ture will not be as great as that indicated in Fig. 21 
if the furnaces were operated for long periods 
throughout the heat at a high and a low air-flow 
rate and the corresponding fuel rate. 

Further examples of the effects of air and fuel- 
flow rate in the working of open-hearth heats is 
shown schematically in Fig. 22. It can be seen from 
this figure that there is a marked and instantaneous 
effect of air and fuel flow on the combustion-air 
temperature. The heat pattern followed by com- 
bustion-air temperature closely approximates the 
fuel/air ratio and the air-flow rate. 

It was illustrated previously in Fig. 9 that, for a 
given combustion-air temperature, the all-basic fur- 
nace had shorter heat times than did the shop silica 
furnaces. This was attributed to the higher firing 
rate on the A furnace as compared to the shop silica 
furnaces. In the case of the A furnace, although a 
higher air-flow rate was maintained than for the 
shop silica furnaces, the combustion-air temperature 
was approximately the same as that of the shop 
silica furnaces, largely because of the increased 
checker volume of A furnace. The E (silica) fur- 
nace was operated recently at approximately the 
same firing rate as the A furnace. In this case, the 
combustion-air temperatures of E were generally 
somewhat lower than the shop silica furnaces and 
the A furnace. This lower air temperature was 
caused by the higher air-flow rate which was re- 
quired for the higher fuel rate. Even so, for the 
same combustion-air temperature, shorter heat times 
were achieved by the use of the higher firing rates 
on the E furnace. That the firing rate and air-flow 
rate throughout the heat did appear to affect com- 
bustion-air temperature and heat time is illustrated 
in Fig. 23. In this case it can be seen that the data 
for both the A (all-basic) furnace and the E (silica) 
furnace tend to fall on the same curve of combus- 
tion-air temperature vs heat time when both were 
operated at 60,000,000 Btu per hr in the refining 
period. The data obtained on the E furnace appeared 
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Fig. 22—Effect of air flow and fuel-air ratio on combustion-air 
temperature. 
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Table IV. Examples of Waste-Gas Analysis Measured in Uptakes throughout Open-Hearth Heats 


Waste Gas 
Air FuelInput, Air-flow Rate, 
Heat'No = : Tempera- Million Btu Thousand Pressure, Combusti- 
} ime Period of Heat ture, °F per Hr Cu Ft per Hr H20 Oo, Pet bles, Pet 

A 9:30 am Charging 1880 66 820 0.08 4.0 0.0 
9:50 am Charging 1880 66 720 0.08 1.8 0.0 

10:20 am Hot metal added 1860 66 830 0.09 stl 0.8 

10:50 am — 1930 66 810 0.09 1.0 0.5 

11:20 am — 1940 66 810 0.10 0.3 1.5 

11:50 am — 1965 66 810 0.11 0.5 0.5 

12:20 pm Melt 1960 65 750 0.09 1.2 0.2 

1:50 pm -— 1950 65 790 0.10 0.5 0.5 

2:20 pm — 2005 66 780 0.09 0.5 0.5 

2:50 pm Tap — = — 

B 9:50 am Charging 1830 67 790 0.08 0.2 0.4 
10:20 am Charging 1850 67 820 0.07 0.5 0.2 

11:10 am Hot metal added 2010 68 820 0.07 0.0 8.0 

11:40 am — 2080 63 820 0.06 0.0 2.0 

12:10 pm — 2040 63 820 0.08 0.0 1.0 

12:40 pm — 2115 63 810 0.09 0.0 2.5 

1:10 pm Melt 2070 63 750 0.08 0.5 0.0 

1:40 pm — 2110 63 780 0.08 1.0 0.0 

(o 11:40 am Charging 1970 57 780 0.04 0.5 0.5 
12:10 pm Hot metal added 1910 53 770 0.06 1.0 0.4 

12:40 pm — 1880 55 780 0.06 0.5 0.9 

1:10 pm — 1930 55 780 0.06 0.4 0.5 

1:40 pm — 1950 57 780 0.06 1:5, 0.0 

2:30 pm — 1980 59 780 0.06 deo) 0.0 

3:00 pm — 1930 55 760 0.06 2.0 0.0 

3:20 pm — 1870 55 780 0.06 2.0 0.0 


to be an extension of the lower portion of the curve 
for A furnace (lower air temperature, longer heat 
times). 

In summary, the data obtained for the furnaces 
studied at the open-hearth shop Y indicated that the 
use of higher firing rates generally resulted in some- 
what lower combustion-air temperatures and still 
shorter heat times. However, the overall efficiency 
of operation with high firing rates must be evaluated. 

Combustion Efficiency: It is agreed generally that 
an ideal waste-gas analysis for operating an open- 
hearth furnace consists of approximately 1 pct O 
and 0 pet combustibles. This composition of waste 
gases is used as an aim in determining the proper 
fuel/air ratio for each furnace at the open-hearth 
shop Y. 

In the course of the present work, waste-gas 
analyses were measured throughout the working of 
a few open-hearth heats. One such heat is shown in 
Table IV. These data illustrate the general obser- 
vation that considerable fuel arises from the bath 
during various periods of the heat and air must be 
made available to burn this fuel. Consequently, for 
efficient combustion, it is necessary to vary the fuel/ 
air ratio throughout the working of an open-hearth 
heat. This observation regarding fuel from the bath 
has also been made by Larsen’ and considerable dis- 
cussion was given to the importance of having suffi- 
cient air to burn the bath fuel at all times. The 
necessity of obtaining efficient combustion was noted 
in the present study and some examples of the effects 
of furnace operation with excess fuel and excess air 
are given as follows: 

In Fig. 24 are illustrated three specific examples 
of heats made within the same time period which 
typify furnace operation with normal fuel/air ratios 
as well as fuel/air ratios higher and lower than nor- 
mal. The upper curves in Fig. 24 present the data 
for operation with a fuel/air ratio which was con- 
sidered normal for this particular furnace at this 
particular time. The middle series of curves portray 
a similar heat with a lower than normal fuel/air 
ratio and the lower series of curves a higher than 
normal fuel/air ratio. The heat made with the high- 
- est fuel/air ratio (excess fuel) had a high combus- 
tion-air temperature and yet heat time was longer 
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than that of the normal heat. The heat produced with 
the lowest fuel/air ratio (excess air) had the lowest 
combustion-air temperature and a slightly longer 
heat time than that of the normal heat. 

These data illustrate only the period from melt- 
to-tap. A few heats were observed in which a con- 
stant fuel/air ratio was used for the period from hot 
metal-to-tap. In these cases, the combustion-air 
temperature increased in the period of hot metal-to- 
melt, since considerable combustibles were coming 
from the bath and being burned by the excess com- 
bustion air. After melt, when using the same fuel/air 
ratio, the air temperature tended to decrease as a 
result of more combustion air than required to burn 
both the fuel and bath combustibles. 

Fig. 24 illustrates the effect of combustion effi- 
ciency on three specific heats. Some general trends 
regarding combustion efficiency were also noted in 
this work. For example, in Fig. 23 a distinction was 
made in the case of the E furnace for operation in 
two different time periods with quite different air- 
flow rates and but the same fuel-flow rate. In this 
case, it can be seen readily that the heats produced 
with lower than required fuel/air ratio (excess air) 
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Fig. 23—Correlation of combustion-air temperature with cor- 
rected begin charge-to-block time for Nos. A and E furnaces. 
X represents No. A; closed circle, high air flow, No. E; and 
open circle, low air flow, No. E. : 
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Fig. 24—Typical examples of combustion efficiency and its effect 
on air-temperature and production rates. 


had lower air temperatures and longer heat times 
than the heats produced with the lower air-flow rate 
which was adequate for this furnace. As further 
evidence, D furnace purposely was operated in the 
period with a higher than recommended fuel/air 
ratio (excess fuel) and the average air temperatures 
of approximately 20 such heats were higher than 
normal; yet the corresponding heat times were 
either normal or longer than normal. 

It appears from this study that one of the most 
important tools that could be made available for the 
first helper is a sturdy reliable continuous waste-gas 
analyzer. The proper use of this analyzer to adjust 
the fuel/air ratio throughout the working of an 
open-hearth heat would result in considerable sav- 
ings in open-hearth heat time, since operation with 
either excess fuel or excess air is harmful. Of the 
two evils, excess air is somewhat preferable, since 
the open-hearth process is an oxidizing one and, in 
this respect, somewhat like the bessemer operation. 


Summary and Conclusions — 

Effect of Combustion-Air Temperature on Open- 
Hearth Heat Time: An inverse relationship was ob- 
served between combustion-air temperature and 
open-hearth heat time. For the heats studied, an 
increase of 100°F in combustion-air temperature 
reduced heat time from 40 to 60 min for a given fir- 
ing practice. 

Effect of Furnace Age on Combustion-Air Tem- 
perature and Furnace Performance: Combustion-air 
temperature reached a maximum and open-hearth 
heat time a minimum after approximately 50 heats 
following a complete furnace reline. For each addi- 
tional 50 heats produced following the peak per- 
formance, combustion-air temperature decreased 
approximately 30°F and open-hearth heat time in- 
creased proportionately. The combustion-air tem- 
perature decrease near the end of the campaign on 
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the all-basic furnace was greater than the decrease 
found for the silica furnaces. 

Air-Temperature Survey in the Regenerative Sys- 
tem: Aspirating-pyrometer measurements of com- 
bustion-air temperatures at various positions 
throughout the regenerative system revealed that 
marked thermal gradients exist in the air above the 
checkers. At the checker bridgewall, a progressive 
increase of air temperature of approximately 300°F 
was observed from the top of the checkers to the 
checker roof. Further, at a given level above the top 
of the checkers, air temperatures near the checker 
bulkhead were approximately 400°F hotter than air 
temperatures at the checker bridgewall. Steplike 
increases in air temperatures were observed as each 
flue arch was traversed in the direction of the 
checker bulkhead. In many cases, relatively poor 
correlations were observed between checker-ther- 
mocouple temperatures and actual preheat temper- 
ature and between optical-pyrometer readings and 
preheat-air temperatures in the checker system. 

Effect of Furnace Design on Heat Transfer in the 
Uptake-Fantail Zone: A series of simultaneous aspi- 
rating-pyrometer readings was made at the checker 
bridgewall and the sill level in the uptake. Marked 
air-temperature increases occurred in the uptake- 
fantail region. A relationship between the uptake- 
fantail brick surface to contained volume ratio and, 
the percentage of heat recovery in this zone was 
found to exist, i.e., increasing uptake-fantail surface 
to volume ratios caused an increased heat recovery 
in the uptake-fantail zone. 

Effect of Furnace-Operating Practice on Combus- 
tion-Air Temperature and Heat Time: 1—Furnace 
pressure: Data were obtained which illustrated that 
increased furnace pressure reduced air infiltration, 
increased heat recovery in the uptake-fantail region, 
and reduced open-hearth heat time. The correla- 
tion of combustion-air temperature and open-hearth 
heat time was affected by furnace pressure. 

2—Firing rate: For the furnaces studied in this re- 
port, the use of higher firing rates generally resulted 
in somewhat lower combustion-air temperatures 
and still shorter open-hearth heat times. 

3—Combustion efficiency: A summary of all the 
data obtained in regard to the fuel/air ratio indi- 
cated the following: Heats produced on a given fur- 
nace with a higher fuel/air ratio than required had 
higher than normal combustion-air temperature 
and somewhat longer than normal open-hearth 
heat times. Heats produced with a lower fuel/air 
ratio than required had somewhat lower than nor- 
mal combustion-air temperatures and had normal 
or somewhat longer open-hearth heat times. On 
individual heats, a close correlation was observed 
between the fuel/air ratio and the combustion-air 
temperature. 
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Electrolytic Production of Hydrometallurgical Reagents for 
Processing Manganese Ores 


by J. Bruce Clemmer, Carl Rampacek, and P. E. Churchward 


A cyclic method for processing manganese ores using sodium sulphate as the basic re- 
agent is described. Sodium sulphate is electrolyzed in a diaphragm cell to give an anolyte- 
containing sulphuric acid and a catholyte-containing caustic soda, a part of which is car- 
bonated in a cyclic manner to form soda ash. The reduced ore is leached with the anolyte 
to dissolve the manganese and the impurities are precipitated by addition of catholyte. 
Manganese in the pregnant solution is precipitated as synthetic rhodochrosite with a car- 
bonated catholyte, and sodium sulphate is regenerated. Calcining the manganese carbon- 
ate gives a high grade product and the carbon dioxide is returned to the carbonation step. 
The results of laboratory tests using cells equipped with synthetic-fiber diaphragms and 
permselective membranes, which permit transfer of anions or cations during electrolysis, 


are described. 


METHOD which has been considered for pro- 
cessing manganese ores under emergency con- 
ditions to recover a product suitable for smelting to 
ferromanganese involves reductive roasting of the 
ore for leaching with dilute sulphuric acid followed 
by precipitation of the manganese from the purified 
pregnant solution with sodium carbonate. Although 
the process is operable and involves no novel or un- 
tried steps, it is noncyclic in regard to reagents. Re- 
search seemed warranted to determine if a cyclic 
process could be developed by electrolyzing the 
sodium sulphate formed during precipitation of the 
manganese with soda ash to regenerate sulphuric acid 
and sodium hydroxide. Reduced ore would be leached 
with acid anolyte to dissolve the manganese. The iron, 
alumina, and other dissolved impurities would be 
precipitated with the caustic catholyte, and the man- 
ganese in the purified pregnant solution would be 
precipitated as artificial rhodochrosite with carbon- 
ated catholyte to regenerate simultaneously sodium 
sulphate for electrolysis. Waste boiler gas and CO, 
from calcining the manganese precipitate would be 
recycled for carbonation of the caustic catholyte. 
There is a surprising lack of data in the technical 
literature on diaphragm electrolysis of sodium sul- 
phate. One of the more comprehensive papers, by 
Atwell and Fuwa,’ describes the problem involved 
in electrolyzing byproduct sodium sulphate from the 
viscose process with particular regard to the design 
and operation of asbestos diaphragm cells. Frisk’ 
also investigated electrolysis of sodium sulphate from 
viscose-spinning baths to recover caustic soda and 
sulphuric acid. The objective in these investigations 
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was to produce, by electrolysis and evaporation, a 
concentrated caustic-soda solution and a sulphuric- 
acid solution low in sodium sulphate. Because of 
these requirements, the process was not too attrac- 
tive despite a favorable yield of caustic and acid 
with a reasonable power consumption. Because strong 
acid and base are not required for processing man- 
ganese ores and nonelectrolyzed sodium sulphate is 
not objectionable in either reagent, the present prob- 
lem was somewhat simpler than that of these inves- 
tigators. 

The purpose of this report is to summarize briefly 
the results of laboratory electrolysis of commercial 
sodium sulphate in diaphragm cells of different types 
and the application of the acid and caustic for pro- 
cessing manganese ores in a cyclic manner. 


Electrolysis in Permeable Diaphragm Cells 

The principal problem in electrolyzing sodium 
sulphate in a permeable diaphragm cell is to pre- 
vent mixing of the acid and base formed in the 
anode and cathode compartments. It is not enough 
to separate the anolyte and catholyte by a single 
diaphragm. A three-compartment cell in which the 
sodium-sulphate solution is fed to the center com- 
partment and flows through the permeable dia- 
phragms to the anode and cathode compartments is 
more efficient electrically. Diaphragms should be 
porous enough to allow flow of solution to outer com- 
partments but tight enough to prevent gross mixing 
of the anolyte and catholyte. In addition to being 
resistant to acid and alkali, the diaphragms should 
offer minimum resistance to the flow of current. It 
is also important that the electrolyte contain a high 
concentration of sodium sulphate to furnish an abun- 
dance of sodium and sulphate ions and thereby de- 
crease the current carried by hydrogen and hydroxyl 
ions. A practical limitation of sodium-sulphate con- 
centration is imposed by the decreased solubility of 
sodium sulphate with decreasing temperature. At 
20°C, a concentration of 200 g per liter sodium sul- 
phate can be maintained. Littlé is gained in con- 
ductivity by using a concentration greater than 200 
g per liter. 

The small-scale continuous electrolysis tests were 
made in a 12x12 in. open-top bakelite cell equipped 
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Table |. Electrolysis of Na,SO, in a Three-Compartment Cell with Permeable Diaphragms 


Current 
Density,* G per Liter Lb per Kw-Hr Current 
Diaphragm Feed Rate, Cell Tempera- Amp Efficiency, 
Material MI per Min Voltage ture, °C per Sq Ft NaOH H2SO.4 NaOH H2SO4 Pet 
Vinyon 101 N 15 4.65 65 70 73.0 93.6 0.57 0.69 81.8 
Vinyon 101 N 30 4.82 60 70 45.2 54.2 0.63 0.75 92.6 
Vinyon 101 N 30 5.70 70 125 68.5 85.6 0.48 0.59 84.6 
Vinyon 101 N 30 6.40; 70 125 64.3 84.5 0.43 0.52 85.3 
Vinyon 101 N 30 6.80 70 175 89.7 119.6 0.37 0.45 77.9 
Vinyon 101 N 50 5.90 70 125 46.2 58.5 0.49 0.60 89.9 
Nylon 220 30 6.30 40 125 64.2 90.0 0.44 0.53 85.0 
Nylon 220 30 5.90 70 125 80.7 85.9 0.45 0.56 83.2 
Dynel 162 30 5.75 40 125 TL 94.8 0.49 0.61 88.6 


* Current density based on immersed area of diaphragm. 


+ Two-inch electrode spacing; other tests were made with one-inch spacing. 


with a perforated sheet lead anode and a perforated 
stainless-steel cathode using thin asbestos dia- 
phragms to form the third or feed compartment. 
Gross area of each electrode and diaphragm was 72 
sq in. Sodium-sulphate solution was fed to the bottom 
of the center compartment at a uniform rate from a 
constant-head siphon feeder. The anolyte and cath- 
olyte were removed from the bottom of the com- 
partments through an adjustable overflow tube. A 
hydrostatic head of solution was maintained in the 
feed compartment to overcome resistance of the dia- 
phragms to solution flow. Liquid-level gages allowed 
observation of the solution level in each compart- 
ment. By adjusting the overflow tubes, the quantity 
of anolyte and catholyte could be varied to control 
the relative strengths of the acid and base. 

The tests made, using long-fiber asbestos dia- 
phragms, confirmed findings of Atwell and Fuwa’ 
and showed that electrolysis of a 20 pct sodium- 
sulphate solution at 50°C would give an anolyte 
containing 5 to 7 pet sulphuric acid and a catholyte 
containing 4 to 6 pct sodium hydroxide, with a cur- 
rent efficiency of about 80 pct. The diaphragms, 
however, were fragile and developed pinholes after 
short use. Subsequent tests were made using syn- 
thetic-fiber diaphragms made of such material as 
Vinyon, nylon, Dynel, or Saran. In addition to be- 
ing more durable, these diaphragms were more 
permeable than asbestos and permitted a higher 
solution-feed rate but were tight enough to prevent 
mixing of the anolyte and catholyte. 

The results of a few pertinent tests showing the 
influence of feed rate, cell temperature, and current 
density on yield and concentration of acid and base 
are summarized in Table I. Data also are included 


Table II. Electrolysis of Na,SO, in Three-Compartment Cell with 
Permselective Diaphragms 


Cur- 
rent 
Feed Rate, Den- Cur- 
MI per Min Tem-_ sity,* G per Lb per rent 
———_——— Cell pera- Amp Liter Kw-Hr Effi- 
Cen- Volt- ture, per ciency, 


Anode ter age °C SqFt NaOH NaOH Pet 


15 15 


9.9 : 0.25 0.31 
10 10 6.6 50 75 61.8 76.8 0.41 0.49 81 
8 9 5.1 50 50 52.8 74.6 0.54 0.64 82 
5 5 5.0 50 50 70.8 89.2 0.47 0.59 72 
4 6 5.0 50 50 58.8 99.4 0.48 0.62 76 
3.5 2 4.1 50 25 56.6 92.7 0.58 0.70 ie! 
10 10 5.2¢ 52 50 57.2 65.8 0.53 0.69 85 
10 20 6.87 52 100 63.4 111.0 0.39 0.46 78 
20 20 7.04 33 100 66.8 63.9 0.39 0.49 84 


* Current density based on immersed area of diaphragm. 
7 2.25 in. electrode spacing; other tests were made with one-inch 
spacing. 
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from similar tests made using different diaphragm 
materials. The recorded tests were from 6 to 8 hr 
duration, of which 3 hr was required for the cell 
to reach equilibrium. 

These tests were made on 200 g per liter sodium- 
sulphate solutions prepared from technical-grade 
material substantially free of sodium chloride. Ex- 
cept for an accelerated corrosion of the anode, elec- 
trolysis of a commercial salt cake gave similar re- 
sults. Sodium chloride in the salt cake could be 
adequately removed by washing the crystals with a 
saturated solution of the sodium sulphate. The mag- 
nesia content of the feed material also is critical, 
since it precipitates in the feed compartment during 
the electrolysis and plugs the diaphragm. The tech- 
nical-grade sodium sulphate used in these tests con- 
tained less than 0.01 pct MgO, whereas pregnant leach 
solutions in cyclic tests generally contained about 
0.3 g per liter MgO derived from the ore. Final treat- 
ment of the regenerated sodium-sulphate solutions 
with 0.5 to 1 g per liter of sodium hydroxide to give 
a pH of 11 precipitates the magnesia and alleviates 
the difficulty. 

These and other tests show that conditions for 
electrolysis of sodium sulphate are not too critical. 
As might be expected, the concentration of acid and 
base varies with both feed rate and current density. 
The highest current efficiency is obtained when the 
weakest reagents are produced. For a particular 
feed rate, increasing the current density gave a 
stronger acid and base but decreases the yield both 
by reducing the current efficiency and increasing the 
voltage. Under good operating conditions, about 0.5 
1b of caustic soda and 0.6 lb of acid can be made per 
kw-hr at an average current efficiency of 85 pct when 
operating the cell at current density as high as 125 
amp per sq ft. On this basis, a cell containing 17 
2x3 ft anodes and 18 cathodes of similar size should 
produce a ton of acid and 1625 lb of caustic per day. 

In all tests, the feed compartment became alkaline 
as the run progressed. The caustic concentration at 
cell equilibrium varied from 2 to 10 g per liter de- 
pending upon the solution feed rate; the higher the 
feed rate, the lower was the caustic concentration. 
It is apparent that more hydroxyl than hydrogen 
ions were transferring into the feed compartment. 
This may be attributed to the high cuncentration of 
hydroxyl ion in the catholyte, whereas the hydrogen- 
ion concentration in the anolyte was relatively low 
because of the buffering action of the sodium sul- 
phate and possible formation of HSO, ions. 

The harmful effect of chlorides on anode corrosion 
has been mentioned. Exploratory tests showed that 
lead anodes containing 1 pct Ag were more resistant 
to corrosion than lead or Pb-Te anodes. Corrosion 
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of the Pb-Ag anode over a period of 11,000 amp-hr 
of intermittent operation was about 4.5 mg Pb per 
amp-hr. Manganese dioxide and graphite anodes 
failed in service. Black iron cathodes appeared to 
be as suitable as stainless steel. 

The laboratory electrolysis results were sufficiently 
encouraging to warrant larger-scale continuous tests 
at the Boulder City station. Several cell designs were 
tried. The best results were obtained with a multiple- 
electrode press-type cell with closed compartments 
provided with solution and gas outlets. Although the 
work was recessed temporarily owing to the urgency 
of more pressing problems, the cell was operated for 
a number of 10 day campaigns and gave results 
almost as good as the laboratory tests. This work 
will be described in a later report. 


Electrolysis in Permselective Diaphragm Cells 

Ion-permeable membranes were used as cell dia- 
phragms for sodium-sulphate electrolysis. These 
membranes are ion-exchange resins in sheet form 
and have the property of being selectively permeable 
to ions of one sign, while offering greater resistance 
to the passage of the ions of opposite sign. These 
membranes are less permselective with respect to 
hydrogen and hydroxyl than to other ions. The func- 
tion and properties of Amberplex anion and cation- 
permeable membranes, which were used as dia- 
phragms, are described in a trade publication of the 
Rohm and Haas Co. Use of these membranes ob- 
viates solution flow through the diaphragm, thereby 
eliminating plugging, and also permits feeding the 
compartments at a desired rate so as to control the 
concentration of acid and base. 

Electrolysis tests were made in the three-compart- 
ment cell using either anion or cation diaphragms 
to separate the center anode compartment from the 
outer cathode compartments. The compartments were 
fed individually and the cell was equipped with 
perforated Pb-Ag and stainless-steel electrodes. This 
cell design gave a low current efficiency; the anion 
diaphragm allowed free transfer of hydroxyl ions 
from the catholyte to the anolyte, and the cation 
diaphragm allowed transfer of hydrogen ions from 
the anolyte to the catholyte. In order to obtain high 
current efficiency and produce acid and caustic of 
the desired concentration, the design was changed 
to separate the center compartment from the anode 
with an Amberplex anion-permeable diaphragm and 
from the cathode by an Amerplex cation-permeable 
diaphragm. As in the tests with fabric diaphragms, 
the center compartment became alkaline; therefore, 
it was connected in series to feed the cathode com- 
partment. The center and anode compartments were 
fed separately at a desired rate using a 200 g per 
liter solution of sodium sulphate. The results of 
typical tests with this cell are summarized in Table 
II. Included also are results from several tests made 
in an 18x10 in. rectangular cell of similar design 
using an electrode spacing of 2.25 in. 

These tests demonstrated that acceptable acid and 
caustic could be made in the permselective dia- 
phragm cell with a moderately good current effi- 
ciency. Best results were obtained by operating the 
cell at a current density of 50 amp per sq ft at the 
2.25 in. electrode spacing; 0.53 1b of caustic soda and 
0.69 lb of sulphuric acid were produced per kw-hr 
at a current efficiency of 85 pct. The yield of acid 
and base at high current densities was somewhat 
jess than with permeable fabric diaphragms because 
of the increased voltage required to overcome ohmic 
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resistance of the membranes. It seems likely that 
better results could be obtained by using a thinner 
membrane of lower resistance even though some 
permselectivity would be sacrificed. 

Exploratory tests were made in a two-compart- 
ment permselective diaphragm cell for direct pre- 
cipitation in the cathode compartment of manganese 
from anolyte-leach solutions while electrolyzing 
sodium sulphate in the anode compartment to form 
acid for the leaching step. An anion-permeable 
membrane was used to separate the compartments 
and allow the transfer of sulphate ions from the 
catholyte to the anolyte to form acid. Since the 
hydroxyl-ion concentration in the cathode compart- 
ment was low because of precipitation of manganese 
hydroxide, a single diaphragm sufficed. In contin- 
uous operation, the sodium sulphate remaining in 
the catholyte would be returned to the anode com- 
partment for acid making after filtration to remove 
the manganese-hydroxide precipitate. A current 
efficiency of 92 pct was obtained when making an 
anolyte containing 50 g per liter of sulphuric acid. 
The permeable membranes appear to have consid- 
erable merit for this application. This phase of the 
electrolysis study is not yet completed and will be 
described in a later paper. 


Cyclic Processing of Manganese Ore 

A series of four cyclic leaching and precipitation 
tests were made on reduced Artillery Peak man- 
ganese ore starting with anolyte and catholyte from 
electrolyzing technical-grade sodium sulphate. The 
data from these tests are summarized in Table III 
and the flowsheet in Fig. 1. 

The reduced ore was ground to 65 mesh and pulped 
with enough anolyte to give an initial slurry con- 
taining about 50 pct solids for agitation leaching. 
Additional anolyte was added over a period of 60 
min to give a final pH of 2.0; slow addition min- 
imized dissolution of silica and alumina. The average 
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Fig. 1—Flowsheet for processing manganese ores by the sodium- 


sulphate process. 
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extraction in the four cycles was 88.8 pct of the total 
manganese or 95.7 pct of the acid-soluble manganese 
in the reduced ore. 

The leached slurry was treated with hydrogen 
peroxide to oxidize the iron for precipitation at a 
pH of 5.5 with caustic catholyte. Most of the dis- 
solved silica and alumina precipitated with the ferric 
hydroxide. The partly neutralized slurry then was 
thickened for filtration and two-stage displacement 
washing, using 1.5 lb of water per lb of dry solids. 

The thickener overflow, filtrate, and wash liquors 
were combined for precipitation of the manganese 
with carbonated catholyte to obtain a product easy 


Table Ill. Cyclic Processing of Reduced Artillery Peak Ore 


Acid- 
Total Soluble 


Roasting 
Ore roasted 4 min at 900°C with 
natural gas-reduced ore assay, 
pet Mn 15.35 14.25 
Leaching 
Total weight of ore leached, g 
Average extraction pct of total Mn 
Average extraction pct of acid-solu- 
ble Mn 95.7 
Acid used (43,320 ml anolyte con- 
taining 83.5 g per liter H2SO,.), g 3,534 
Weight of manganese leached, g 1,568 
H2SOx, per lb Mn leached, lb 2.25 
Weight of Mn recovered, g 
H2SO.z per lb Mn recovered, lb 2.33 
Purification of Leach Liquor 
used, g 42.3 
H2O>2 per lb Mn recovered, lb 0.028 
NaOH used (4,526 m1 catholyte, 
66.9 g NaOH per liter), g 303 
NaOH per lb Mn recovered, Ib 0.20 
Pregnant Liquor Assay 


G per Liter 


Mn SiO. AlOs FesO; MgO HeSO. pH 


Before purifi- 


cation 37.9 69) 0.3 3.2 2.0 
After purifi- 

cation 34.6 0.09 0.29 0.26 0.3 — 383) 
Precipitation 


Carbonated catholyte used, 


equivalent to NaOH, g 2,185 
NaOH per lb Mn recovered, lb A565 
Final pH Establishment 
Catholyte equivalent to NaOH, g 235 
NaOH per ib Mn recovered, Ib 0.17 


MnC0O; Product 
Assay, Pct 


Mn SiOz CaO MgO P 


Dried at 
LOSE 47.8 0.28 0.02 0.54 1.25 0.37 <0.01 
Ignited at 
850°C 64.5 0.33. 0.73 1.70 0.5 <0.01 
Recovery of acid-soluble Mn in ore, pct 92.6 
Regenerated Na2SO4 
Analysis, G per Liter 
Specific 
Mn Si02 MgO Cl Ss Gravity 
First cycle 0.008 0.010 0.030 Trace 0.016 44.65 1.162 


Fourth cycle 0.006 0.015 0.015 Trace 0.025 44.50 1.165 


Reagent and Power Requirements per Lb Mn Recovered 
Reagents made by electrolysis: 


NaOH, lb 1.92 

lb 2.33 

Power required (total), kw-hr 3.9 
Other Reagents: 

lb 0.028 

Na2SO, (makeup), lb 0.2 


COz (makeup), Ib Not determined 


Thickening, Filtering, and Washing 


Area, 
Sq Ftper Lb per Pct Solids 
Ton Dry Lb of 
Solids Dry Under- 
per Solids Feed flow 
Residue: 
Thickening 
(No flocculant) 10.9 18.3 40.8 
Filtration and washing 25 40.8 65 
Wash water 1:5 
Precipitate: 
Thickening 
(No flocculant) 13.5 3.7 35.5 
Filtration and washing 0.75 35 54 
Wash water 2.0 
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to handle. The catholyte was carbonated to a pH 
of 10 with bottle gas in a flotation cell. The car- 
bonated catholyte was added over a period of 30 min 
to precipitate the manganese at a pH of 7.8. Natural 
catholyte then was added to raise the pH to 11 to 
precipitate the dissolved magnesia in the manganese 
product and give a regenerated sodium suiphate 
suitable for electrolysis. 

The carbonated precipitate was thickened to about 
36 pct solids for filtration and displacement washing 
with 2 lb of water per pound of dry product. The 
manganese carbonate, after drying at 110°C, assayed 
47.8 pct Mn, 0.54 pct S, 0.37 pect MgO, and less than 
0.01 pct P. Calcining at 850°C gave a product that 
assayed 64.5 pct Mn, 0.73 pct S, 0.5 pct MgO, and 
less than 0.01 pet P. The overall recovery was 92.6 
pet of the acid-soluble manganese in the reduced 
ore. 

The regenerated sodium-sulphate solution was 
evaporated to about 200 g per liter of sodium sul- 
phate for return to electrolysis. Approximately 7.7 
lb of water had to be evaporated per pound of man- 
ganese recovered. No difficulty was experienced in 
electrolyzing the regenerated sodium sulphate. The 
concentrations of acid and caustic, current efficiencies, 
and power requirements in the four cycles were 
nearly the same as for electrolyzing technical-grade 
sodium sulphate. About 0.2 lb of makeup sodium 
sulphate was required per pound of manganese re- 
covered. There was no apparent buildup of impur- 
ities in the cyclic tests. Corrosion of the anode was 
about 6.6 lb per ton of recovered manganese. Had 
the cyclic tests been continued, however, anode cor- 
rosion might have increased because of chlorides 
from the ore or from failure of the protective oxide 
coating on the anode. 

The average power consumed for making acid and 
caustic in the cyclic tests was 3.9 kw-hr per lb of 
recovered manganese. 


Summary and Conclusions 

The small-scale continuous electrolysis tests 
showed that about 0.5 lb caustic soda and 0.6 Ib of 
sulphuric acid could be made per kilowatt-hour in 
a three-compartment permeable diaphragm cell. 
Anode corrosion was not severe and no difficulty 
was experienced from plugging of the diaphragms, 
provided magnesia was first removed. 

The cyclic tests showed that the anolyte and the 
catholyte could be used for leaching and precipita- 
tion of manganese from reduced Artillery Peak ore. 
No difficulty was encountered in the handling steps. 
It is apparent, however, that the process would be 
costly, particularly in regard to equipment. It does 
not seem likely that the cost would be less than for 
that of a plant for electrolytic manganese. The power 
consumed in making the reagents for cyclic process- 
ing of manganese ores was 3.9 kw-hr per lb Mn 
recovered as a manganese-carbonate product. The 
power is nearly the same as for electrolytic man- 
ganese and the end product is less valuable. On the 
other hand, solution purity is less critical, cell opera- 
tion is easier to control, and the reagent cost is less 
in sodium-sulphate electrolysis. 
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Equilibrium between Titanium in Liquid Iron 
And Titanium Oxides 


by R. L. Hadley and G. Derge 


The amounts of oxygen in liquid iron-titanium alloys up to 50 pct Ti were meas- 
ured and the oxide phases in equilibrium with these alloys were determined by using 
TiO, crucibles. A minimum of about 0.003 pct O occurs at less than 1 pct Ti. The 
various liquid and solid oxide phases can be arranged on a ternary isotherm. 


HREE characteristics of titanium contribute to 

the interesting aspects of its reaction with ox- 
ygen in liquid iron: 1—It forms a number of stable 
oxides. 2—All oxides have large negative free 
energies of formation. 3—The pure metal exhibits 
high solubility for oxygen. 

In addition, the use of titanium as a stabilizing 
and strengthening element in alloys suggests a need 
for investigation of its reactions in amounts greater 
than those normally required for deoxidation. 
These higher compositions are also of interest be- 
cause they occur during the addition of ferroalloys 
and produce deoxidation products before dilution is 
achieved. 


Titanium Deoxidation in the Literature 

While the use of titanium as an alloying element 
and deoxidizer has been common for several de- 
cades, the first detailed study of its deoxidizing 
characteristics was carried out by Wentrup and 
Hieber’ in 1939. These authors determined the ex- 
tent of deoxidation possible with titanium and iden- 
tified, by microscopic examination, the products 
formed. They found that titanium in excess of 0.2 
pet did not reduce the oxygen content of iron below 
0.004 pct at 1600°C. They identified the spinel 
FeO- TiO, at low titanium concentrations and Ti,O, in 
melts containing more than 0.2 pct Ti. 

A portion of the area surveyed by Wentrup and 
Hieber has been investigated recently by Evans and 
Sloman’ using X-ray diffraction for inclusion iden- 
tification. They concurred in general with the find- 
ings of Wentrup and Hieber, but reported the exis- 
tence of Ti,O; as a deoxidation product in the range 
near 0.1 pct Ti. 

Comstock, Urban, and Cohen* discussed the de- 
oxidation of iron with titanium, correlating the data 
of Wentrup and Hieber with free-energy data for 
the titanium oxides. Scatter at high titanium values 
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was considered attributable either to the formation 
of an oxide exhibiting high solubility in liquid iron 
or to the entrainment of solid oxide particles lead- 
ing to high apparent solubility. 

Chipman‘ has calculated the deoxidation curves 
for titanium based on free-energy data for titanium 
oxides. These calculations (Fig. 1) and those of 
Comstock, Urban, and Cohen involve assumptions 
as to the activity coefficients of oxygen and titanium 
in liquid iron, since such data have not been deter- 
mined. 

Investigation of the deoxidizing characteristics of 
chromium’ and vanadium® have shown that these 
elements decrease the activity coefficient of oxygen 
in liquid iron, leading to a tendency toward rela- 
tively high oxygen values and experimental scatter 
in highly alloyed melts. 


Experimental 
This investigation involved two major objectives: 
1—determination of the composition of the oxide 
phases in equilibrium with liquid Fe-Ti alloys, and 
2—establishing the pattern of oxygen solubility in 
liquid Fe-Ti alloys at titanium concentrations in 
excess of that required for attainment of minimum 
oxygen content. 
Raw Materials 
Ingot iron was used having the following compo- 
sition: 0.02 pet C, 0.017 pct Mn, 0.01 pct Si, 0.02 pct 
S, 0.006 pet P, and 0.03 pet O. The titanium used 


a: 10 Sas 
z 
Tig03 
> 5 


4 
0.01 0.1 1.0 10 
TITANIUM, PER CENT 


Fig. 1—Percentage of oxygen in metal ys titanium in metal, 
as calculated by Chipman* for various deoxidation products. 
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Fig. 2—Diagram of inert-atmosphere melting furnace. 


was pressed sponge with the following analysis: 
v.U3 pet C, 0.05 pct Si, 0.1 pet O, and 0.05 pct Fe. 

The high degree of reactivity of titanium at 
liquid iron temperatures required maintenance of 
close control of the melting atmosphere and con- 
tainer. To avoid contamination, TiO. was selected 
as a crucible material for the bulk of the melting 
experiments. While it was sometimes possible to 
melt successfully in unsupported crucibles, the best 
results were obtained using a crucible assembly 
consisting of a pyrex beaker containing the crucible 
in a bed of granular MgO or TiO,. The granular 
material was fired at a temperature of 1200°C and 
kept in a desiccator until used. 

The furnace assembly is shown in Fig. 2. The 
melting procedure included the following: 1—load- 
ing of crucible with approximately 200 g of iron and 
titanium, the latter being surrounded by iron; 2— 
evacuation of the furnace to about 0.02 mm Hg; 3— 
introduction of helium; 4—melting, using a 20 kw 
spark-gap high-frequency converter; 5—immersion 
of thermocouple and temperature adjustments; 6— 
holding at temperature for 20 to 30 min; 7—samp- 
ling if required; and, 8—cooling in helium stream. 

Solidification ordinarily took place within 1 min. 
In some heats, samples were sucked into quartz 
tubes for comparison of rapidly chilled metal with 
the more slowly cooled ingot. 


Evaluation 
When cool, the crucible and ingot were removed 
from the furnace and samples prepared for analysis. 
Cubes were cut from solid portions of the ingot 
for analysis of oxygen content by vacuum fusion. 
Drillings were taken for titanium analyses. The 
reaction zone between ingot and crucible was sep- 
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Table |. Experimental Heats 


Metal Oxide Tem- 
Heat pera- 
Num- Pet Pet Pet Pet Pet Cruci- ture, 
ber Ti 0) N Ti Fe ble °C 
71 0.002 0.024 0.0004 50.3 17.53 TiOg 1580 
75 0.003 0.027 0.0018 50.2 18.37 TiO2 1565 
76 0.014 0.027 0.0016 51.6 15.82 TiOg 1585 
92 0.016 0.0078 0.0041 59.1 2.66 TiOz 1615 
68 0.03 0.019 0.0059 47.9 — TiOs 1600 
77 0.04 0.027 0.0008 50.8 14.62 TiOz 1575 
95 0.07 0.0223 a 52.4 10.57 TiOs 1665 
89 0.071 0.014 0.0037 57.3 4.76 TiOz 1570 
93 0.10 0.0019 0.0026 62.3 1.26 TiOs 1590 
81 0.11 0.0021 — 61.0 — TiOz 1550 
74 0.16 0.009 0.0010 62.5 — TiOz 1600 
80 0.22 0.0021 — 61.8 — TiOz 1590 
94 0.25 0.0011 0.0022 55.7 1.12 TiOz 1545 
91 0.27 0.0016 0.0016 58.2 2.24 TiOz 1595 
97 0.36 0.0022 0.0010 61.8 0.91 TiO2g 1600 
67 0.37 0.0049 0.0014 53.7 — TiOs 1605 
96 0.46 0.0027 0.0008 60.7 0.98 TiO2 1615 
82 0.83 0.015 63.0 — TiOz 1540 
66 0.87 0.0043 0.0012 52.0 — TiO2g 1605 
99 0.88 0.0023 0.0040 63.8 0.56 TiOz 1650 
98 1.12 0.003 0.0017 63.7 0.56 TiO2g 1610 
65 0.0085 0.0035 TiOz 1620 
73 2.88 0.0045 0.0009 0.3 — TiOs 1575 
83 4.06 0.0084 59.9 1585 
107 7.84 0.015 0.0008 — — TiOs 1585 
69 8.61 0.015 0.0016 56.9 — TiOg 1590 
70 12.93 0.026 0.0005 62.8 — TiOs 1650 
121 29.76 0.363 TiOz 1590 
1221 0.18 0.0064 0.0008 TiOs 
II 0.04 0.016 0.0012 57.8 3.92 TiOz 1605 
1241 0.54 0.0039 0.0007 — 
II 0.13 0.0032 0.0007 — 
Iil 0.016 0.021 0.0014 59.6 4.48 TiOeg 1650 
125 1 0.065 0.0033 0.0007 — — — — 
II 0.037 0.025 0.0012 56.9 eo TiOz 1600 
101 0.14 0.0020 0.0051 MgO 1595 
86 0.15 0.022 0.0054 MgO 1670 
108 0.20 0.0033 0.0008 MgO 1600 
85 0.84 0.013 0.0005 MgO 1510 
84 0.89 0.012 0.0002 MgO 1510 
v4 1.80 0.0064 0.0027 MgO 1630 
88 9.0 0.020 0.0026 MgO 1640 
100 15.96 0.0892 0.0061 MgO 1620 
64 1.50 0.0028 0.0009 Al2,O3 1590 
118 5.00 0.0076 0.0013 AlsO3 1665 
119 8.35 0.0156 0.0009 AlsOz 1660 
111 0.18 0.0052 0.0012 ZrO2 1600 
90 0.37 0.0012 0.0016 ZrOz 1590 
113 2.40 0.0053 0.0012 ZrO»z 1580 
110 16.08 0.073 0.0020 ZrO2 1585 


arated for determination of iron and titanium con- 
tents. X-ray diffraction patterns also were obtained 
on this material, which tended to form easily sep- 
arable layers representing different stages of oxida- 
tion between TiO, and the oxide phase in equilib- 
rium with the metal. 

Metal samples were analyzed for titanium con- 
tent and oxide phases for titanium and, in some 
cases, for iron. In a few cases, carbon analyses were 
carried out on the ingots. 

The procedure for determination of oxygen and 
nitrogen involved the use of conventional vacuum- 
fusion apparatus, an iron bath, and addition of tin 
to the bath between samples.’ Most consistent re- 
sults were obtained when the analysis was started 
with the bath at 1550° to 1600°C and the tempera- 
ture increased gradually to 1800°C as gas evolution 
proceeded. 

The pertinent data from the experimental heats 
are shown in Table I. 


Discussion of Results 

The results of this study consist of the following: 
1—melting observations, 2—analyses and micro- 
graphs of alloys and deoxidation products, and 3— 
graphical representation of relationships in the Fe- 
Ti-O system. 

Melting Observations: The products of the ex- 
perimental heats consisted of an alloy ingot with a 
slag or oxide coating continuous with a layered re- 
action zone extending into the crucible. The ingot 
assumed the shape of the crucible at low and high 
titanium contents but was partially supported by 


TRANSACTIONS AIME 


— 


the oxide film on its surface when the titanium con- 
tent was between 0.1 and 5 pct. 

The standard melting procedure, in which indi- 
vidual elements were charged without preliminary 
melting of a titanium master alloy, was selected 
after comparison of the two practices. No difference 
was apparent in either ingot or crucible reaction 
zone. Both practices require a holding period to 
establish equilibrium with the TiO, crucible, since 
the first liquid to melt, being high in titanium, could 
have reduced the crucible surface to a lower oxide 
than would be stable at equilibrium. 

In general, reaction with the crucible appeared to 
be rapid and no heats held over 10 min exhibited 
localized color variations which would distinguish 
inhomogeneities in the oxide layer. Alloys which 
were sufficiently low in titanium to be in equilib- 
rium with a liquid oxide phase attacked the crucible 
very rapidly. Consistent oxygen values were not 
obtained at low titanium contents although it was 
anticipated that the.system would equilibrate with 
the TiO, crucible in equilibrium with a TiO.-sat- 
urated liquid slag. 

Where solid oxide phases were stable, the surface 
scale retained the upper part of the melt, giving an 


Fig. 3—Heat 91, 0.27 pct Ti. Unetched. X250. 


ean 
; 
| 
~ te ‘ 
‘ 


Fig. 4—Heat 83, 4.06 pct Ti. Unetched. X250. Area reduced approx- 
imately 25 pct for reproduction. 
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irregular lapped appearance. The thinness of the 
film was believed to be responsible for the absence 
of the effect at high titanium content. 

Despite precautions to avoid oxidation by refrac- 
tory components and atmosphere, loss of titanium to 
the amount of a few tenths of one percent occurred 
on most of the heats. The oxygen content of the 
charge exceeded the amount soluble in the liquid 
alloy in all melts containing less than 15 pct Ti. 
Losses in titanium could be expected because of 
reaction with the excess oxygen and, in the case of 
concentrations of titanium too high to be in equilib- 
rium with TiO., reaction with the crucible. 

Temperature measurement was somewhat better 
than temperature control. For purposes of evalua- 
tion, heats equilibrated at temperatures between 
1580° and 1620°C are regarded as being at 1600°C. 
A calibrated Pt—Pt-10 pct Rh thermocouple gave 
temperature values within 3° but drifting occurred 


Fig. 5—Heat 110, 16.08 pct Ti. Nital etch. X500. 
duced approximately 15 pct for reproduction. 


Fig. 6—(Inclu- 
sions) heat 121, 
X100. Area re- 
duced approxi- 
mately 20 pct for 
reproduction. 
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Fig. 7—X-ray diffractions patterns: TiO range. 
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Fig. 8—Percentage of iron in oxide ys percentage of titanium in 
metal. 
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Fig. 9—Percentage of iron in oxide ys percentage of titanium 
in oxide. 


during the holding period, causing some scatter in 
temperatures. 

Analyses and Micrographs of Alloys and Deoxida- 
tion Products: Nonmetallic inclusions found in the 
alloys fall into three general groups: Two-phase 
gray-black inclusions. These were round at lowest 
titanium contents, becoming irregular in outline 
with increasing titanium. These are evidently iden- 
tical with those reported by Wentrup and Hieber’ 
and by Evans and Sloman’ in the range below 1 pct 
Ti. An example is shown in Fig. 3. Gray-bronze 
rods and plates appearing as an eutectic were found 
in alloys containing 1.5 to 5 pct Ti. This type is 
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Fig. 10—X-ray diffraction patterns: reduced TiO, range. 
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Fig. 11—Percentage of oxygen in metal vs percentage of titanium 
in metal at 1600° and 1650°C. Circle represents 1600°C; triangle, 
1650°C; and solid line, data of Wentrup and Hieber (1600°C).2 


shown in Fig. 4. Gold dendritic inclusions appeared 
when titanium content exceeded 7 pct, Fig. 5. 

Chemical analyses of ingots for titanium revealed 
relatively large amounts of residue insoluble in the 
1:1 hydrochloric-acid solution used in dissolving 
samples. In an effort to determine the nature of this 
“insoluble titanium,” some residues were re-exam- 
ined metallographically and samples were prepared 
for X-ray diffraction. Fig. 6 shows the extracted 
residue in the case of an alloy containing 29.76 pct 
Ti. This appears to be the yellow dendritic-inclu- 
sion type observed metallographically in high titan- 
ium alloys. X-ray diffraction patterns for this ma- 
terial and for the residue from a 7.84 pct Ti alloy are 
tabulated in Fig. 7. Patterns obtained for TiO, TiC, 
and TiN are shown for comparison. 

At titanium contents below 2 pct, the oxide layer 
in contact with the metal exhibited sufficient thick- 
ness to permit both chemical and X-ray analyses. 
The substantial solution of iron in this layer is 
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shown as a function of the titanium content of the 

alloy in Fig. 8. The relation between iron and 

ne contents of the oxide layer is shown in 
ig. 9. 

Ehrlich* has shown that X-ray diffraction patterns 
exhibit substantial variation within ranges of com- 
position over which the various titanium oxides are 
stable. Presence of iron oxide, as shown in Fig. 9, 
further complicates identification of the oxides pres- 
ent. A tabulation of ‘“d” values characteristic of 
oxide phases in contact with the ingot is shown in 
Fig. 10, together with some data available from the 
literature. Reduced TiO, was obtained by selecting 
the inner layer of a TiO, bar which had been par- 
tially reduced in dry hydrogen to yield three layers, 
the outer two corresponding to TiO and Ti,O,. This 
sample resembles the pattern attributed to Ti,O; by 
Evans and Sloman.’ 

No patterns close to the compounds FeO: TiO, and 
FeO-Ti,O; were observed. No analyzed oxides con- 
tained more than 18 pct Fe. FeO-TiO, contains 36.8 
pet Fe, an indication that the composition in equi- 
librium with the liquid alloy is well removed from 
the stoichiometric compound. Evans and Sloman’ 
report the presence of FeO-TiO, in the case of one 
low titanium ingot in their study of inclusions. 

The relation between oxygen and titanium in 
liquid iron is shown in Figs. 11 and 12. The data at 
1600° and 1650°C are not distinguishable. Incon- 
sistent results at 1550°C led to the conclusion that 
experimental conditions did not permit attainment 
of equilibrium and separation of deoxidation prod- 
ucts. There was no measurable difference in the 
Ti-O relationship in alloys melted in TiO., MgO, 
Al,O;, and ZrO, crucibles. 

In an effort to study the point at which a visible 
shift from solid to liquid oxide occurred, sampling 
experiments were run. Samples were sucked into 
quartz tubes during step-wise removal of titanium 
from the melt by oxidation. A liquid oxide phase 
was found to appear when a rapid increase in oxy- 
gen solubility occurred. 

The increase in oxygen solubility at titanium con- 
tents in excess of approximately 5 pct is reflected in 
Fig. 11. In order to establish the existence of in- 
creased solubility as opposed to oxide entrainment, 
a series of alloys were arc-melted in a water-cooled 
copper crucible in argon. These alloys are described 
in Table II. 

Low oxygen iron and titanium were used, and in 
two instances (heat Nos. 130 and 135), oxygen was 


Fig. 14—1600°C isotherm in the system 
Fe-Ti-O; condensed phases. 


added as increments of TiO in order to determine 
an approximate solubility limit. While the tempera- 
ture distribution was not investigated, the solu- 
bility at 25 pet Ti was found to be of the order of 
0.03 pet O, in rough agreement with Fig. 11. The 
46 pct Ti alloy (FeTi) dissolved 1.60 pct O before 
a second phase appeared on the surface. 

The solubility of nitrogen did not appear to show 
a minimum in the range studied although a less de- 
tailed study was made. The total nitrogen analyses 
obtained are shown in Fig. 13. No controlled addi- 
tions of nitrogen were made at high titanium con- 
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Fig. 13—Percentage of total nitrogen in metal vs percentage of 
titanium in metal at 1600° and 1650°C. 
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Fig. 15—Composition of phases in equilibrium at 1600°C in 
the system Fe-Ti-O. 


tents nor was the analytical technique verified as to 
recovery of nitrogen. 

On the basis of binary diagrams available for the 
systems Fe-Ti,*®” Fe-O,* FeO-TiO,” and Ti-O,*™ an 
approximate isotherm for the Fe-Ti-O system at 
1600°C has been constructed, Fig. 14. A more de- 
tailed drawing of the area of this investigation is 
shown in Fig. 15. In view of the incomplete evi- 
dence for the existence of Ti,O; and variation in X- 
ray data as a function of iron content of the oxide, 
only TiO., Ti,O;, and TiO are shown. 

Liquid Structure and the Position of the Oxygen- 
Solubility Minimum: It is interesting to consider 
possible reasons for the existence of the oxygen 
solubility minimum at a low percentage of titanium. 
A rationalization is possible, based on the high free 
energy of solution which has been estimated for 
titanium in iron,’ the high free energy of formation 
of titanium oxide, and information on the structure 
of liquid metals. 

Sauerwald” has compiled available data on the 
coordination numbers characteristic of liquid metals. 
For cubic and hexagonal metals, each atom has, on 
the average, 11 nearest neighbors. The high heat of 
solution anticipated for titanium in iron would be 
expected to lead to a configuration in dilute solutions 
in which titanium atoms would be surrounded by 
iron. The deoxidation curve is not far from that 
calculated (see Fig. 1) from oxide free-energy con- 
siderations in this range. 

However, the high oxygen solubility exhibited by 
liquid titanium requires the observed trend toward 
high oxygen solubility with increasing amounts of 
titanium in iron. Although it cannot be calculated 
from thermodynamic data, this trend would be ex- 
pected to appear as the titanium approached a con- 
centration such that insufficient iron atoms were 
present, on the average, to fill the coordination shell 
of the titanium atoms. This would occur at an atom 


Table II. Arc-Melted Alloys 


Heat Ti, Pct Appearance 
131 4 Heavy purple scale, gold film 
132 5 Heavy purple scale, gold film 
133 6 Purple-gold scale 
134 7 Purple-gold scale 
126 8 Gold flecks 
127 10 Few gold flecks, blue film 
128 15 Few gold flecks 
129 20 Shiny 
130 25 Shiny 
135 46 Shiny 
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ratio of 11 Fe to 1 Ti or approximately 5 wt pct Ti. 
The qualitative picture appears to be in good agree- 
ment with observation. 


Conclusions 

1—The solubility of oxygen in iron at 1600°C de- 
creases to a minimum of 0.002 to 0.004 wt pct in the 
presence of 0.1 to 1.0 pct Ti. 

2—Increase in titanium content beyond 5.0 pct 
leads to rapidly increasing solubility for oxygen. 

3—The Fe-Ti-O system at 1600°C can be repre- 
sented by a ternary isotherm in which the metal 
phase is in equilibrium with an oxide phase which 
decreases in iron and increases in titanium as the 
titanium content of the iron increases: 0 to 0.5 pct Ti 
(metal)-—liquid FeO-TiO, solution (oxide); 0.05 to 
1.0 pet Ti (metal)—solid reduced TiO, containing 
FeO (oxide); 1.0 to 5.0 pct Ti (metal)—Ti,O; 
(oxide); and 5.0 pet Ti (metal)—TiO (oxide). 
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Sulphur Pressure Measurements of Molybdenum Sesquisulphide 


in Equilibrium with Molybdenum 


by C. Law McCabe 


It has been established that molybdenum sesquisulphide, not molybdenite, is in equi- 
librium with molybdenum metal and sulphur vapor in the vicinity of 1100°C. The S. 
pressure for this system has been obtained using the Knudsen orifice method and the 
standard free energy for the dissociation of Sy». 


HIS work was undertaken to help in determin- 
ing the thermodynamic properties of the molyb- 


denum sulphide which is in equilibrium with metal- | 


lic molybdenum and sulphur vapor in the tempera- 
ture range 1025° to 1150°C. From the results of 
Montoro* and of Parravano and Malquori’ molyb- 
denite would be expected to be in equilibrium with 
molybdenum metal, while the results of Guichard*® 
indicate that a lower sulphide must be in equilibrium 
with the metal. Thus it was concluded that the 
problem warranted reconsideration, especially in 
view of the suspiciously low temperature indepen- 
dent term for the standard free-energy function for 
the reaction MoS, @ Mo +S.. The reaction was cal- 
culated and duly noted as being low by Richardson 
and Jeffes,’ using the data of Parravano and Mal- 
quori.” 
Experimental Method 

The general method used in this investigation is 
that of the Knudsen orifice method for the deter- 
mination of equilibrium pressure. The apparatus 
and technique are similar to those described for the 
determination of the vapor pressure of silver.” How- 
ever, a closed-end McDanel tube instead of fused 
silica was used to maintain the vacuum, a molybde- 
num effusion cell with a replaceable lid was em- 
ployed instead of a silica cell, and a titanium getter 
maintained at run temperature was used to assure 
that no oxidation of the molybdenum or molyb- 
denum sulphide was taking place. All runs were 
made at a residual pressure less than 10° mm Hg. 
The data are given in Table I. Runs 1 through 13 
were obtained using molybdenite, analyzed 98.5 
pet, from the Molybdenum Corp. of America. The 
remaining runs were done with a sample from the 
Climax Molybdenum Corp. which was their grade 
No. 3 and analyzed 59.87 pct Mo. 

The weight loss of the cell during heating up and 
cooling down was subtracted from the total weight 
loss of the cell during the run. Also, when the tem- 
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perature was changed, the Knudsen cell was placed 
in the vacuum chamber and heated at temperature 
for several hours in order to allow the sulphide and 
the metal to adjust their compositions to the equi- 
librium values, to desorb or adsorb gases into or 
from the molybdenum cell itself, and to desorb any 
water from the molybdenum sulphide or molybde- 
num powder inside the cell. Water may have been 
adsorbed inside the cell because, after each run, the 
top of the cell was removed and the material in the 
cell was stirred to insure that a layer of molybde- 
num metal would not build up and obstruct the 
passage of sulphur vapor into the gas phase. It was 
established that the molybdenum cell alone de- 
creased in weight an inappreciable amount when 
heated at the highest run temperature for long pe- 
riods of time. 

There are two questions to be answered before 
the data in Table I can be used to calculate thermo- 
dynamic functions: 1—Which molybdenum sul- 
phide is in equilibrium with molybdenum metal and 
sulphur vapor? 2—What sulphur species are pres- 
ent in the vapor phase? It can be assumed safely 
that no molybdenum is vaporized, since its vapor 
pressure is almost negligible at these temperatures. 
It will be shown subsequently that no sulphide of 
molybdenum is volatile. 

Question 1 was answered in the following way: 
The especially purified molybdenite, obtained from 
the suppliers mentioned previously, was charged 


Table |. Summary of Experimental Data 


Weight 
Run Orifice Duration of Loss of 
Number Area, Cm Run, Min Te Cell, Grams 

3 0.01497 955 1423 0.0300 
6 0.0069 1182 1423 0.0176 
7 0.00693 978 1425 0.0154 
11 0.01497 5603 1327 0.0166 
13 0.00693 6820 1377 0.0362 
18 0.00693 2530 1397 0.0200 
19 0.00693 2475 1397 0.0185 
26 0.00777 2455 1393 0.0207 
27 0.00777 2631 1395 0.0250 
28 0.00777 2550 1393 0.0238 
29 0.00777 4035 1351 0.0139 
30 0.01497 5558 1303 0.0095 
31 0.01497 3950 1327 0.0111 
32 0.01497 3903 1327 0.0120 
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in the molybdenum effusion cell. Debye-Scherrer 
patterns of the two original samples were identical. 
Subsequent experiments on each sample gave iden- 
tical pressures. Several runs were required to ob- 
tain constant weight losses per unit time. After 
several additional runs were made, the material in 
the cell was removed and a powder pattern was 
run. Fig. 1 shows the X-ray patterns described. 
The Debye-Scherrer patterns were obtained with 
unfiltered Cu radiation; exposure times were 6 hr; 
and the camera diameter was 114.6 mm. The pat- 
terns in Fig. 1 are the back-reflection half of the 
film. Molybdenum lines (see pattern B) were very 
strong and, in addition, weak lines, not those of 
molybdenite, were visible. The molybdenum was 
dissolved out of the sample with dilute aqua regia, 
and a Debye-Scherrer pattern and a chemical analy- 
sis of the material which did not dissolve was ab- 
tained. The Debye-Scherrer pattern (see pattern C) 
was totally different from that of molybdenite and 
the chemical analysis was 66.0 pct Mo and 32.0 pct 
S. Using elementary methods, this corresponds to 
the chemical formula Mo,..S;. Whether this appar- 
ent nonstoichiometry is real or not is problematical, 
but it is certain that the molybdenum sulphide in 
equilibrium with sulphur vapor and molybdenum 
metal from 1025° to 1150°C is molybdenum sesqui- 
sulphide, Mo.Ss. 

The second question to be answered, that of the 
constitution of the sulphur vapor, can be estimated 
only with fair accuracy at the present time because 
of the uncertainty of the heat of dissociation of 
sulphur.’ Incidentally, a value for this heat of dis- 


Table Il. Summary of Experimental Data 


Pressure 
Run of Soin Log of 
Number Atm 1/Tx104 

3 1.77x10-8 —5.752 1423 7.027 

6 1.88x10-¢ —5.737 1423 7.027 

is 1.94x10-4 —5.712 1425 7.018 
11 1.38x10-7 —6.860 1327 7.536 
13 6.12x10-7 —6.213 1377 7.262 
18 9.19x10-7 —6.037 1397 7.158 
19 8.51x10-7 —6.070 1397 7.158 
26 8.81x10-7 —6.055 1393 7.179 
27 1.02x10- —5.990 1395 7.168 
28 1.01x10-6 —5.995 1393 7.179 
29 3.50x10-7 —6.456 1351 7.402 
30 7.77x10-8 —1.110 1303 7.675 
31 1.32x10-7 —6.879 1327 7.536 
32 1.45x10-7 —6.839 1327 7.536 
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Fig. 1a—Debye-Scherrer patterns of mo- 
lybdenite as-received. 


Fig. 1lb—Pattern of the residue after 
equilibrium established between sulphur 
vapor, molybdenum, and the sulphide. 
The lines marked are those of molybdenum. 


Fig. 1c—Pattern after molybdenum metal 
was dissolyed from sample whose pattern 
is shown in b, 


sociation can be obtained when good gas-equilibria 
data are available for the reaction Mo.S, + 3H,=@ 
2Mo + 3H.S. This data and the Knudsen data re- 
ported here will allow the calculation to be made. 
A paper on this method will be forthcoming from 
work in progress on effusion measurements of iron 
sulphide in equilibrium with iron. For the present, 
the value selected by Richardson and Jeffes* for the 
equilibrium constant for the reaction 


S.— 28S. [1] 


will be taken. From the data reported by Richard- 
son and Jeffes,* it can be shown that no sulphur 
species other than S, and S will be present in appre- 
ciable concentration in the gas phase. 

One further point to be clarified is to determine 
whether a molybdenum sulphide is volatile. To es- 
tablish this, a 0.5002 g sample of molybdenite con- 
taining 59.2 pect Mo was placed in an open zircon 
crucible and placed in a vacuum at 1150°C for two 
days. It was found that 0.3333 g of material was left 
in the cell and it analyzed 86.9 pct Mo. Thus, 97.8 
pct of the molybdenum was still in the cell. In view 
of the uncertainty of quantitative removal of the 
material from the cell, errors in analysis, and other 
possible losses, it was concluded these data show no 
volatilization of MoS, or Mo.S;. Thus, the entire 
weight loss of the cell during the effusion runs was 
due to the loss of sulphur. 


Calculations 


In order to set up the standard free energy for 
the reaction 


4/3 Mo (solid) +S, (gas) 2/3 Mo.S,; (solid) [2] 


it is necessary to obtain the partial pressure of S, 
from the effusion measurements and the equilibrium 
constant for reaction 1. 

On reasonable assumptions that equilibrium be- 
tween S, and S is maintained in the gas phase, that 
S., and S effuse independently and without inter- 
action, and that ideal gas behavior is obeyed, the 
following equation is derived easily from the funda- 
mental Knudsen-cell equation® 


WL 
Ms,'” Ds, + Ms? — [3] 
where Ds, is the pressure of S, in atmospheres in the 
gas phase, M is the molecular weight of the species 
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in question, W L is the weight loss in grams of the 
cell per minute, A is equal to 2658 times the area of 
the orifice in square centimeters times the duration 
of the run in minutes divided by the square root of 
the absolute temperature, and K is the equilibrium 
constant for reaction 1. 

Using Eq. 3, the pressure of S, has been calculated 
for the data given in Table I and these values have 
been listed in Table II. The data in Table II have 
been plotted in Fig. 2. The best line selected for this 
data is 


—21,200 
log Ps. = + 9.13. [4] 


Unfortunately, the entropy data needed to perform 
other thermodynamic calculations are not available. 
However, the standard free energy for reaction 2 
can be calculated and is 


AF®° = —96,800 + 41.8T. [5] 


This equation is valid in the region 1300° to 1425°K. 
Due to the present uncertainty in the standard free 
energy for reaction 1, the accuracy, according to the 
system of Richardson and Jeffes,* will be accuracy 

Using the nomenclature of C. I. Whitman,° the 
value of L/r for the molybdenum cell used in this 
investigation is 2.9; W,=1, since the orifice had 
knife edges, and f was 0.011 for the largest orifice. 
This gives a value of K = 0.99. On the assumption 
that a = 1, the pressure for S, reported above should 
be reduced by 1 pct. The value for a in this case is 
unknown, but, in view of the fact that the observed 
pressures were not a function of orifice size, it is 
concluded that any correction for K #41 anda¥l is 
unwarranted in this case. The correction would be 
a small fraction of the estimated accuracy. 


Discussion 
From the results presented, it is obvious that 
either hydrogen does not reduce MoS, directly to 
molybdenum as reported by Parravano and Mal- 
quori’ or, if it does, the standard free energy of the 
reaction Mo (s) + S. (g) — MoS, (s) cannot be de- 
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Fig. 2—A comparison of the Ps, calculated from the data re- 
‘ported in the paper for the reaction 4/3 Mo + S,<—2/3 Mo.S, 
and that reported by Richardson and Jeffes.* 
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termined from gas-equilibria measurements. This 
latter statement is true because, if the presence of 
hydrogen causes the molybdenite to reduce directly 
to the metal instead of to the sesquisulphide, then 
the hydrogen must dissolve in the solid Mo or MoS, 
or both and thereby change the sulphur potential 
due to its dissolution. The assumption that this does 
not happen to a marked degree must be made for 
gas-equilibria data to be valid for measuring sul- 
phur potentials. The observation that the reduction 
proceeds from MoS, directly to the metal is incor- 
rect, is preferred. 

It is likely that Parravano and Malquori’ were 
studying reaction 2 and not the reduction of molyb- 
denite directly to the metal. On this assumption, the 
results of this investigation can be compared with 
their findings. It is seen from Fig. 2 that their data 
and the data from this study give the same standard 
free energy in the vicinity of 1400°K. However, the 
temperature coefficient is vastly different in the two 
cases. The results reported in this investigation give 
an entropy which is more consistent with that of 
reactions of this type. The anomalous nature of the 
entropy term reported by Parravano and Malquori” 
was pointed out by Richardson and Jeffes.* 

When better data are available for the energy of 
dissociation of S., the data reported in Table I will 
have to be recalculated so that the values for the 
pressure of diatomic sulphur listed in Table II will 
be more nearly the correct ones. The estimated 
accuracy also will be much improved. 


Summary 

1—The S, pressure above molybdenum sesquisul- 
phide in equilibrium with molybdenum has been 
measured, using the Knudsen orifice method coup- 
led with the standard free energy for the dissocia- 
tion of S.. 

2—By chemical analysis and X-ray determina- 
tions, it has been shown that molybdenum. sesqui- 
sulphide is the sulphide of molybdenum which is in 
equilibrium with molybdenum metal and sulphur 
vapor at temperatures around 1100°C. 
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Technical Note 


Martensite Formation in Powders and Lump Specimens 


of Ti-Fe Alloys 


by D. H. Polonis and J. Gordon Parr 


N a recent paper on titanium-rich Ti-Fe alloys,* 
the hardness of quenched powder specimens was 
given, together with the amounts of martensitic a’ 
they contained. The values disagreed in two respects 
with previous determinations that Worner® made on 
lump specimens: 1—Some martensitic a’ is formed in 
powder specimens of alloys containing up to 12 atomic 
pet Fe. On the other hand, Worner reports that, 
although his results on quenched lumps are not con- 
clusive, alloys containing more than about 4 pct Fe 
“appear to consist of retained 6” although they “may 
not be strictly unaltered solid solutions.’ 2—Accord- 
ing to Worner, quenched lump specimens show a 
maximum hardness at a composition about 3.5 pct 
Fe. Earlier experiments by the authors showed a 
maximum hardness of martensitic alloys in powder 
form at 10 pct Fe. 

Accordingly, more experiments have been con- 
ducted in order to confirm these differences and to 
determine with more accuracy the minimum com- 
position of quenched lump specimens that consist 
entirely of retained 

Lump samples 4x1x1/20 in. were quenched from 
1000°C in helium and, on the whole, showed similar 
hardness values to the specimens that Worner water- 
quenched from 950°C. The hardness curve the authors 
obtained shows a more pronounced peak, but in 
other respects it is very similar to Worner’s curve 

While it was possible to make fairly reliable 
measurements of the percentage of martensitic a’ 
in quenched powders (by Geiger spectrometer), the 
solid samples allowed only approximate estimates 
to be made from visual observation of line intensities 
on film. Retained 6 begins to appear in quenched 
lumps containing 0.2 pct Fe; at 2.2 pct Fe there are 
approximately equal quantities of 8 and ao’; in a 4.7 
pet Fe alloy only a trace of a’ appears. These re- 
sults are represented as a curve on Fig. 1. 

The hardness and constitution of powder samples 
were verified by repeating both types of quenching 
experiment described in the earlier paper.’ Identical 
results were obtained by the two methods, and they 
agreed with the figures published previously (Fig. 

The appearance of the martensitic structure under 
the microscope is shown in Figs. 2 and 3. The mar- 
tensite needles are coarser in the lump; otherwise 
the structures are similar. 

Three conclusions are made at this juncture: 1— 
The properties of quenched lumps reported by 
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Fig. 1—Hardness and 
constitution of 
quenched alloys in 
powder and in lump 
form. Authors: 10 and 
25 g loads; Worner:? 
10 kg load. 
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Fig. 2—0.2 pct Fe alloy. Powder Fig. 3—0.2 pct Fe alloy. Lump 
quenched from 1000°C. Etched specimen quenched from 1000°C. 
in 1 pct HF, 1 pct H2Oz, aqueous. Etched in 1 pct HF, 1 pct H2O,, 
X800. Area reduced approxi- aqueous. X800. Area reduced ap- 
mately 45 pct for reproduction. proximately 45 pct for reproduc- 
tion. 


Worner are confirmed, on the whole. The differences 
between them and the properties of powders are 
probably due to an effect of specimen size. Differ- 
ences of behavior in various sizes of specimen have 
been observed previously in martensite reactions in 
Fe-Mn alloys*® and in Cu-Al alloys. 2—The max- 
imum hardness of both quenched lumps and quenched 
powders appears at a composition where martensite 
formation has all but ceased. In this respect, powders 
and lumps behave similarly. 3—Martensitic a’ has 
essentially the same microscopic appearance both in 
powders and lumps. 
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Structure and Properties of Ti-C Alloys 


by H. R. Ogden, R. |. Jaffee, and F. C. Holden 


The mechanical properties of Ti-C and Ti-C-O alloys can be altered by heat 
treatments to dissolve or reject carbon from solid solutions. The maximum strength 
is obtained by annealing just below the peritectoid temperature. Quenching from 
the £-carbide field results in softening. Impact behavior is influenced by the extent 


of solution of interstitials. 


ON is not as important in titanium alloys as 
it was in earlier years when graphite induction 
melting was more prevalent. With induction melt- 
ing, carbon pickup is about 0.5 to 0.8 pet. Cold-mold 
arc melting with graphite electrodes, which is among 
the more current methods, results in carbon pickup 
of 0.1 to 0.2 pct. The titanium-sponge melting stock 
itself contains about 0.02 to 0.07 pct C, picked up 
from the magnesium used in the reduction process. 
Thus, carbon is still one of the more important con- 
taminants in titanium and needs careful study and 
evaluation in order to understand titanium and tita- 
nium alloys. Moreover, it is equally proper to con- 
sider carbon as an alloying addition because, in con- 
trolled amounts in titanium alloys, it may serve a 
most useful function. This is particularly the case 
where the ultimate in toughness is not required. 

The addition of carbon to titanium results in a 
peritectoid-type system as illustrated in Fig. 1.*” 
The solubility of carbon is seen to be higher in the 
a phase than in the 8 phase in the temperature range 
of interest. Below the peritectoid temperature, the 
solubility of carbon in a titanium decreases with 
decreasing temperature. This type of system per- 
mits many microstructural and heat-treatment vari- 
ations which may influence the properties of the 
alloys. The study of how the microstructure varia- 
tions affect mechanical properties is described in 
this paper. 

Experimental Procedures 

The experimental techniques and testing methods 
used in this work were the same as those described 
in detail in a previous paper.’ No further descrip- 
tions will be given except where changes have been 
made. 

High purity iodide titanium, produced by the New 
Jersey Zinc Co., was used in all of the alloys. Car- 
bon additions were made using high purity spectro- 
graphic carbon electrodes in order to obtain the 
highest purity carbon available. The alloys were 
prepared by double arc melting to reduce the pos- 
sibility of segregation. The alloys were forged at 
875°C to 34 in. round, descaled, vacuum annealed 
for 5 hr at 900°C to remove the residual hydrogen, 
and swaged to %4 in. round at 750°C. All heat treat- 
ments were made on material in this initial condition. 
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Two of the early Ti-C ingots were found to’ have 
been contaminated in melting. Vacuum-fusion 
analyses showed that the two contaminated alloys 
had picked up oxygen, so the test results on these 
two alloys permitted an evaluation of ternary Ti-C- 
O alloys. A list of the alloys and their compositions 
are given in Table I. 


Properties of Ti-C Alloys 


In a peritectoid-type system, such as the Ti-C 
system, the chief microstructural variable which in- 
fluences the properties is solid-solution strengthen- 
ing. For a given composition, it is possible to control 
the disposition of carbon, either in solid solution or 
as the compound TiC, by suitable heat treatments. 
When in solid solution, the carbon present in the 
alloy makes a definite contribution to the strength 
of the alloy. However, when present as TiC, it has 
very little effect on the strength. Other microstruc- 
tural variables considered in this investigation were 
transformation structures and grain size. As dis- 
cussed in subsequent sections, these variables have 
only a minor effect on properties as compared to the 
solid-solution effect. 

Solid-Solution Strengthening: The _ principal 
strengthening mechanism for Ti-C alloys has been 
found to be solid-solution strengthening. Carbon in 
interstitial solid solution strengthens titanium, but 
has very little strengthening effect if present as the 
compound. Since carbon has a higher solubility in| 


B B + TiC 
fo} 
5 
8000— 
a+Tic 
a 
E 
—O— 
: / O- Alloys and conditions studied 
Be in this program | 
500 | 
(0) 0.1 0.2 0.3 0.4 0.5 


Weight Per Cent Carbon 


Fig. 1—Transformation diagram of the Ti-C system showing 
heat treatments used in this study. 
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Table |. Alloys and Their Composition 


Nominal Analyzed Composition, Pct 
Alloy Composition, 

No. Pet C Cc Oo H 
TM-31 Unalloyed 0.02 0.025 0.0010 
TM-5 0.2 0.19 0.12 — 
TM-6 0.4 0.38 0.20 — 
TM-33 0.2 0.16 0.035 0.0034 
TM-34 0.4 0.27 0.028 0.0028 
TM-30 0.8 0.4 0.052 0.0027 


a titanium than in @ titanium in the temperature 
range of interest, heat treatments in the a field pro- 
duce the highest strengths. 

The properties of the three binary Ti-C alloys, 
given in Table II, illustrate the solid-solution 
strengthening effect of carbon. The properties of the 
hyrogen-free unalloyed titanium base have been 
presented in another paper.* 

Ti-0.16 Pct C Alloy: Fig. 2 shows the effect of 
heat-treating temperatures on the properties of a 
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Fig. 2—Properties of a Ti-0.16 pct C alloy. 


a—Annealed 16 hr at 600°C and water- 
quenched. 


b—Annealed 4 hr 
quenched. 


| ONS Re 
d—Annealed 2 hr at 900°C and water- 
quenched. 


quenched. 


700°C and water- 


e—Annealed 1 hr at 910°C and water- 


Ti-0.16 pet C alloy. Microstructures for the cor- 
responding conditions are given in Fig. 3. When this 
alloy is annealed and quenched from the a field 
(600° to 850°C), there is little change in properties. 
The decrease in strength and reduction in area with 
increasing temperature is probably a result-of the 
increase in a grain size. It should be noted that in 
the 600°C condition the grains are irregularly 
shaped (see Fig. 3a). This may be the result of in- 
complete solution of carbon, restricting grain growth. 
That this may be the case is indicated by the in- 
crease in yield strength from the 600° to the 700°C 
annealed condition which probably is caused by the 
solution of carbon. Also, the grains now are com- 
pletely equiaxed with polyhedral grain boundaries. 

When this alloy is annealed and quenched from 
the 6-carbide field, there is a marked decrease in 
strength and toughness caused by the formation of 
TiC, and consequent lowering of the carbon in solid 
solution. Of interest are the high tensile ductilities 
when this alloy is annealed and quenched from the 
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Fig. 4—Properties of a Ti-0.27 pct C alloy. 


Quenching Temperoture, C 


c—Annealed 2 hr at 850°C and water- 
quenched. 


f—Annealed 1 hr 
quenched. 


at 950°C and water- 


Fig. 3—Microstructures of a Ti-0.16 pct C alloy. X250. 
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a—Annealed 16 hr at 600°C and water- 
quenched. 


quenched. 


b—Annealed 4 hr at 700°C and water- 


j 


2 at 850°C water- 
quenched. 


2 br at 900°C and water- 
quenched. 


quenched. 


e—Annealed 1 hr at 910°C and water- 


1 at 950°C water- 
quenched. 


Fig. 5—Microstructures of a Ti-0.27 pct C alloy. X250. 


a-B8 field. The microstructure in this condition is 
composed of equiaxed grains of a in a matrix of 
transformed £8. The ghost structures seen in Figs. 3d 
and 3e are believed to be 8 grain boundaries which 
completely surround one or more a grains. This is 
the only system in which the 8 grain boundaries 
have been observed in an a-f-annealed condition. 
The transformed £ is a phase, low in carbon content; 
thus, there is an apparent two-phase structure of 
hard a (high carbon) in a soft a matrix (low car- 
bon). Because the soft a is the matrix, the tensile 
ductilities are quite high. 

Ti-0.27 Pct C Alloy: Data for the Ti-0.27 pct C 
alloy are shown in Fig. 4, and corresponding micro- 


structures are shown in Fig. 5. Again in the a-car- 
bide field, the a grain boundaries are irregular and 
scalloped as a result of grain growth inhibition by 
carbides. At the level of 0.27 pct C, the strength, 
particularly the yield strength, is increased by dis- 
solving the TiC particles. through the use of a high 
temperature a anneal. This illustrates the solid- 
solution strengthening effect of carbon. Comparing 
this effect with the decrease in strength by increas- 
ing the a annealing temperature for the Ti-0.16 pct 
C alloy shows that, when no carbide is available for 
solution, the increase in grain size lowers strength. 
Annealing and quenching from the £-carbide field 
causes a marked decrease in strength. Again, the | 


Table II. Tensile Properties of Ti-C Alloys 


Microstructure 
Annealing Aver- Re- 0.01 Pet 0.1 Pet 0.2 Pet 
Carbon Treatment Elonga- duction Ultimate Offset Offset Offset 
Con- Grain VHN, tion, in Tensile Yield Yield . Yield 
Specimen tent, Tempera- Time, Phases Size, 5 Kg Pectin Area, Strength, Strength, Strength, Strength, 
No. Pet ture, °C Hr Present Mm Load 1% In. Pet Psi Psi . Psi Psi 
600 16 a 0.02 50 65 59,600 48,600 53,8007 
700 4 a 0.06 55 70 59,300 53,400 56,1007 
TM-33-21 0.16 850 2 a 0.10 49 56 55,200 48,900 — 49,9007 
TM-33-23 0.16 900 2 a+ B* 0.06 50 71 57,000 35,200 45,100, 47,900 
TM-33-7 0.16 910 sl a+ p* — 62 71 54,400 25,600 38,100 41,700 
TM-33-14 0.16 950 1 p* + TiC — 36 65 52,700 23,400 38,000 41,200 
TM-34-20 0.27 600 16 a+ TiC 0.02 39 64 62,100 44,800 53,500 55,200 
TM-34-9 0.27 700 4 a 0.06 43 64 59,600 50,100 —_— 54,6007 
TM-34-21 0.27 850 2 a 0.15 46 58 62,100 56,700 — 60,3007 
TM-34-23 0.27 900 2 a+ p* — 58 64 62,200 50,600 — 55,5007 
TM-34-7 °0.27 910 1 a+ p* —_— 61 72 60,500 31,100 44,800 49,100 
TM-34-14 0.27 950 1 p* + TiC — 42 61 50,600 23,400 36,700 39,500 
TM-30-20 0.47 600. 16 a+ TiC 0.02 37 56 68,400 58,400 aaa 59,900+ 
TM-30-9 0.47 700 4 a+ TiC 0.02 52 61 71,600 67,000 — * 67,9003 
TM-30-21 0.47 850 2 a+ TiC + 0.03 225 51 61 80,000 71,800 — x 75,2007 
* aut 50 69 3,5 
350 i 42 66 63,900 38,600 47,500 49,000 


* B transformed to a on quenching. 
Yield point. 
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high tensile ductilities are found when the Ti-0.27 © 
pet C alloy is quenched from the a-8 field. 

Ti-0.47 Pet C Alloy: At the level of 0.47 pct C, 
the strength properties are greatly increased when 
the carbon is put in solid solution through the use 
of increasingly higher a annealing temperatures, 
and they are decreased sharply when the alloy is 
quenched from the £-carbide field. There is an in- 
crease in the reduction in area value when this alloy 
is quenched from the a-£ field, but this increase is 
not as marked as it is for the lower carbon-content 
alloys. This is illustrated by the data shown in Fig. 
6. Microstructures of this alloy are given in Fig. 7. 
The a grains in the 600°C annealed condition are 
irregular in shape as a result of grain-growth inhi- 
bition by carbides and become polyhedral after car- 
bon is put in solution by 850°C annealing. 

Of significance is the increase in impact value 
when the Ti-0.47 pct C alloy is quenched from the 
B-carbide field. The impact values for the Ti-0.16 
pet C and Ti-0.27 pct C alloys decreased when 


3 


tic 


quenched from the £-carbide field. The probable 
explanation for this is that at 0.47 pct C there are 
numerous TiC particles present in the as-750°C- 
swaged condition which act as nucleation sites for 
additional carbide formation. At 0.16 and 0.27 pct C, 
there are very few TiC particles present in the 
swaged condition, and, therefore, the carbides 
formed by heating into the £-carbide field form as 
networks of small carbides, thus causing low tough- 
ness. As will be illustrated in a later section, the 
difference in impact values noted here occurs at all 
testing temperatures. 

Comparison of Alloys: A further illustration of 
how heat treatment can affect the properties of Ti-C 
alloys is given in Fig. 8, where properties are plotted 
vs carbon content for three different heat treatments. 
When a low temperature anneal at 600°C is used, 
carbon additions strengthen titanium up to the solu- 
bility limit at that temperature, about 0.15 pct C. 
When a high temperature a anneal at 850°C is used, 
the solid-solution strengthening effect of carbon is 
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Fig. 6—Properties of a Ti-0.47 pct C alloy. 
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Fig. 7—Microstructures of a Ti-0.47 pct alloy. X250. 
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Fig. 8—Mechanical properties of Ti-C alloys. 
g prop y 
b—Annealed 4 hr at 700°C and water- fF 
quenched. 


obtained up to about 0.45 pet, the solubility limit at 
that temperature. Quenching from the B-carbide field 
reduces the amount of carbon in solid solution even 
below that found at the 600°C anneal and results 
in the low strength values found. Tensile ductilities 
and toughness decrease with increasing carbon con- 
tent, whether in solution or not. Carbon in solid 
solution appears to decrease tensile ductility and in- 
crease toughness slightly. 


Effect of Temperature on Impact Resistance 


The effects of testing temperature on the impact 
resistance of titanium-carbon alloys are illustrated 
in Fig. 9. These data show that, as the quantity of 
carbon in solid solution is increased, the tendency 
for a transition from brittle-to-ductile behavior to 
occur is increased. When these alloys are annealed 
at 950°C (in the f-carbide field), which results in 
a very small amount of carbon in solid solution, 
there is little change in impact value with testing 
temperature. However, as the annealing treatments 
are altered so that more carbon is in solid solution, 
the level of impact value obtained decreases with 
decreasing temperature. The slope of the impact vs 
temperature curve increases with increasing carbon 
content. This is seen by comparing the curves 
shown in Fig. 9c with those in Fig. 9b. Finally, 
when sufficient carbon is in solid solution, a definite 
transition does occur, as shown by the curve for the 
Ti-0.47 pct C alloy annealed at 850°C (Fig. 9b). 


Transformation Structures 
Since the solubility of carbon in @ titanium is 
lower than in a titanium, no martensitic type of 
hardening through supersaturation of the a phase 
can be expected. Also, as has been pointed out in a 
previous section, Ti-C alloys are softened by quench- 
ing from above the peritectoid temperature. There- 
fore, transformation hardening as such cannot be 
considered as a hardening mechanism for these al- 
loys. The §-transformation structure consists of 
serrated a grains with light subgrain boundaries de- 
lineating the ¥ platelets formed from the £. It is also 
apparent that grain growth in the 8-carbide field is 

inhibited by the presence of carbides. 


Grain-Size Effects 

Because of the nature of the Ti-C system, it is 
difficult to separate the effects of grain size from the 
solid-solution effects except for alloys having low 
carbon content. Consequently, this discussion will 
be limited to the Ti-0.16 pct C alloy where it is pos- 
sible to obtain a variety of a grain sizes without 
altering the amount of carbon in solid solution. As 
shown in Fig. 10, increasing the a grain size from 
0.02 to 0.10 mm in diam causes a very slight de- 
crease in strength (about the same order of magni- 
tude as found for unalloyed titanium). Reduction 
in area values are also decreased, although elonga- 
tion values remain about the same. Impact values 
are increased with increasing grain size. These re- 
sults are in general agreement with those reported 
by the authors for Ti-N and TiAl] alloys." The rise 
in yield strength when going from 0.02 to 0.06 mm 
grain size is the result of additional solution of car- 
bon on annealing at'700°C as opposed to 600°C. 


Effect of Oxygen Additions on Properties of Ti-C Alloys 

Oxygen is an a-stabilizing element and has a high 
solubility in both a and @ titanium. Consequently, 
the effect of oxygen additions on the properties of 
titanium or titanium-base alloys is to strengthen the 


TRANSACTIONS AIME 


80 
no} 

3 60 

Q 

0.47C 

—A——_| 

O.16C x x 

0.27 C x 

WwW 20 

a 

°200 100 200 


Temperature, C 


a—Annealed 1 hr at 950°C and quenched. Carbon solubility 
limit about 0.15 pct. 


80 


Bo) 

a 60 

a 

5 

- 

wW 

x aN 

200 -100 100 200 


Temperature, C 


b—Annealed 2 hr at 850°C and quenched. Carbon solubility 
limit about 0.4 pct. 


80 
c 
=) 
9° | 
a 
60|—- 0.16 ——.-—_ 
(aX, 
Eo | 
-200 -100 0) 100 200 


Temperature, C 


c—-Annealed 16 hr at 600°C and quenched. Carbon solubility 
limit about 0.1 pct. 


Fig. 9—Effect of testing temperature on the impact proper- 
ties of Ti-C alloys. 
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Fig. 10—Effect of a grain size on the properties of a Ti-0.16 pct C 
alloy. 


base metal through solid-solution strengthening, 
and it would. be expected that the combination of 
oxygen and carbon would be additive in strengthen- 
ing effect. However, since carbon has a limited sol- 
ubility in titanium, which does not seem to be affect- 
ed by the quantities of oxygen present in these al- 
loys, the properties of a ternary Ti-C-O alloy can be 
altered by heat treatment in the same manner as a 
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Table III. Tensile Properties of Ti-C-O 


Annealing Aver- 0.01 Pet 0.1 Pct 0.2 Pct 

Treatment Microstructure age Elonga- Reduc- Ultimate Offset Offset Offset 

Composition, VHN, tion, tion in Tensile Yield Yield Yield 

Specimen Pe Tempera- Time, Phases a Grain 5 Kg Pct in Area, Strength, Strength, Strength, Strength, 

oO. (Balance Ti) ture, °C Hr Present Size, Mm Load 1% In. Pct Psi Psi Psi Psi 

TM-5-20 0.19 C-0.12 O 600 16 a 0.05 208 35 50 77,800 60,600 68,400 68,800 

TM-5-9 0.19 C-0.12 O 700 4 a 0.07 220 35 59 78,000 70,300 —_— 74,1007 

TM-5-21 0.19 C-0.12 O 850 2 a 0.10 219 41 63 78,000 72,500 —_— 76,2007 
TM-5-19 0.19 C-0.12 O 910 2 a+ p* 0.05 202 44 57 70,400 36,400 51,100 67,200 
TM-5-14 0.19 C-0.12 O 950 a a+ B* + TiC — 188 29 46 65,400 30,600 45,600 50,000 
TM-5-22 0.19 C-0.12 0 950 2 a+ p* + TiC a 179 34 41 65,200 39,000 50,200 53,800 
TM-5-15 0.19 C-0.12 O 1000 1 p* + Tic — 174 32 42 68,600 36,600 50,800 53,800 

TM-6-20 0.38 C-0.2 O 600 16 a+ TiC 0.02 220 34 56 84,200 —_ — 73,8007 

TM-6-9 0.38 C-0.2 O 700 4 a+ TiC 0.05 245 37 53 88,600 75,700 — 81,1007 

TM-6-21 0.38 C-0.2 O 850 2 a+ TiC 0.10 275 38 46 98,300 88,000 — 98,0007 

TM-6-19 0.38 C-0.2 O 910 2 a + p* 0.12 264 34 44 97,000 84,600 — 95,2007 
TM-6-14 0.38 C-0.2 O 950 1 a+ p* + TiC _ 213 30 47 77,700 39,000 54,800 59,500 
TM-6-22 0.38 C-0.2 O 950 2 a+ B* + TiC _— 187 30 40 78,100 39,500 55,200 60,800 
TM-6-15 0.38 C-0.2 O 1000 1 B* + Tic —_— 196 27 43 77,200 36,500 55,500 59,400 


* Transformed to a@ on quenching. 
7 Yield point. 


binary Ti-C alloy. The mechanical properties of the 
Ti-C-O alloys are given in Table III. 

By using the same heat treatments used for the 
binary alloys, it has been found that the strengths 


50) 


8 | | 
= 80!-—. —--! Ultimote strength 
| | | 
| 
\ Reduction | | 
604 0.01% yield strength-)__|_ \_ 60}— | 
| 
| 
| 


| 

| x 


Ductility, per cent 


= 

| 

ae 

| 

| 

es | 

= | 
| | | 
600 700 800 900 1000 600 700 800 900 1900 


Quenching Tempernture. C Quenching Temperoture, C 


Fig. 11—Properties of a Ti-0.19 pct C-0.12 pct O alloy. 
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Fig. 12—Properties of a Ti-0.38 pct C-0.2 pct O alloy. 
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Fig. 13—Effect of testing temperature on impact properties of two 
Ti-C-O alloys quenched from various temperatures. 
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of the Ti-C-O alloys are increased as greater 
amounts of carbon are put into solid solution. This 
is illustrated by the data shown in Fig. 11 for the 
Ti-0.19 pet C-0.12 pet O alloy and Fig. 12 for the 
Ti-0.38 pct C-0.2 pet O alloy. Quenching from the 
f-carbide field causes a softening effect because of 
the very low solubility of carbon in the B phase. 
Tensile-ductility values generally remain high for 
the heat treatments used, although some loss in 
ductility, particularly reduction in area, is encoun- 
tered when the alloys are quenched from the f- 
carbide field. The increase in ductility values that 
occurs when the binary Ti-C alloys are quenched 
from the a-f field does not occur with these alloys. 
Presumably, this is because the transformed 8 ma- 
trix has been sufficiently hardened with oxygen to 
preclude high ductilities. 

Room-temperature impact values for the Ti-0.19 
pet C-0.12 pet O alloy are not altered significantly 
by heat treatment, although there is a slight de- 
crease when the alloy is quenched from 950° or 
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Fig. 14—Effect of testing temperature on the properties of 
titanium containing various levels of interstitial elements in 
solid solution. All alloys tested in the 850°C annealed con- 
dition. 


TRANSACTIONS AIME 


of 
Reduction | 
{ 60 
| 
| 50 =| 
J. 


80 


70 


600C 
850 
sol 


20 / 
0, 02 04 06 08 10 12 14 #16 168 20 2224 26 28 30 


Strain, per cent 


Fig. 15—Stress-strain curves for a Ti-0.27 pct C alloy quenched 
from several temperatures. 


1000°C. The room-temperature impact values for 
the Ti-0.38 pet C-0.2 pct O alloy are influenced by 
heat treatment. When this alloy is heat treated so as 
to put the maximum carbon in solid solution, the 
room-temperature impact value is the lowest. Im- 
pact values decrease as the quantity of carbon in 
solid solution is increased. 

The effect of temperature on the impact proper- 
ties of the Ti-C-O alloys is illustrated in Fig. 13. 
For the Ti-0.19 pct C-0.12 pct O alloy no clear-cut 
transition from ductile-to-brittle behavior is found, 
but for the Ti-0.38 pct C-0.2 pct O alloy it is readily 
seen that the transition temperature is a function of 
heat-treating temperature. In the 850°C quenched 
condition, where all of the carbon is in solution, the 
transition occurs at about 125°C. In the 600°C 
quenched condition, where less carbon is in solution, 
the transition is about 0°C; and in the 1000°C 
quenched condition, where there is the least carbon 
in solution, if a transition does occur it is below 
—40°C. 

It was noted previously for binary Ti-C alloys that 
the tendency toward transition behavior increases 
as the quantity of carbon in solid solution is in- 
creased. On the basis of the data for Ti-C-O alloys, 
it appears that the interstitial element, oxygen, also 
tends to promote a transition behavior. This indi- 
cates that interstitial elements, in general, have an 
adverse effect on the toughness of titanium. Also, 
it appears that the tendency toward a ductile-to- 
brittle transition is dependent on the total intersti- 
tial content in solid solution in the alloy and not on 
any particular interstitial element. This is illustrat- 
ed for alloys containing carbon or carbon and oxy- 
gen in Fig. 14. Here it is seen that, as the interstitial 
content of titanium is increased, there is an increased 
tendency toward a transition behavior until finally 
a definite transition occurs. Further additions of 
interstitial elements raise the transition temperature. 


Carbide Precipitation and Solution 

The decreasing solubility of carbon in a titanium 
with decreasing temperature is indicative of a 
precipitation-hardening system. Indirect evidence 
indicates that the precipitation of the carbide phase 
from a titanium proceeds quite rapidly. 

Yield Points: When the Ti-C alloys were annealed 
in the a or a-carbide field, yield points were ob- 
served, such as those shown in Figs. 15 and 16. The 
only cases in 15 such anneals that the yield was not 
observed was for low temperature 600°C anneals 
for the Ti-0.27 pct C and Ti-0.19 pct C-0.12 pct O 
alloys. Annealing so that £ is produced, such as in 
the B-carbide field, resulted in disappearance of the 
yield point. It appears that carbide precipitation is 
taking place under conditions of strain, and that the 
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Fig. 16—Stress-strain curves for a Ti-0.47 pct C alloy quenched 
from several temperatures. 
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Fig. 17—Effect of aging time at temperatures indicated on 
the VHN of Ti-C alloys quenched from 850°C. 


phenomenon observed is strain aging, similar to that 
observed by Rosi and Perkins’ in a-annealed com- 
mercial titanium (containing 0.05 pet C and 0.08 pct 
N) at elevated temperatures. The yield point has 
also been observed by the authors* in a-annealed 
high purity Ti-N alloys containing 0.064 to 0.29 pct 
N and low carbon from 0.01 to 0.02 pct. 

Precipitation of Carbides: Aging studies carried 
out on a-quenched Ti-C alloys show that very little 
hardening response occurs as a result of the precipi- 
tation of TiC at temperatures in the range of 100° 
to 400°C. This is illustrated by the data shown in 
Fig. 17. In some instances, there is a rise in hard- 
ness of about 20 VHN during the first 1 hr of aging. 
However, within 2 hr the hardness drops to the orig- 
inal hardness level and remains about constant up 
through 16 hr of aging time. It can be concluded, 
then, that precipitation hardening as a mechanism 
for strengthening Ti-C alloys is not practical. Also, 
it appears that low temperature aging does not 
cause any significant decrease in hardness from the 
original as-quenched hardness. 
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Fig. 18—Effect of reheating time at 850°C on the hardness 
of Ti-C alloys quenched from the -carbide field. 


Re-Solution of Carbides: The heat treatments 
performed on the Ti-C alloys illustrate that the 
carbide phase present in the fabricated condition 
can be dissolved in the a phase quite readily. The 
carbide phase formed when alloys are heated into 
the 8-carbide field can also be dissolved in a ti- 
tanium by reheating below the peritectoid tempera- 
ture. Since hardness can be directly correlated with 
soluble carbon content, it is possible to check the 
time required to dissolve the TiC particles by meas- 
uring hardness at different heat-treating times. Fig. 
18 shows the effect of time at 850°C on the solution 
of carbide particles as measured by hardness. It is 
seen that the hardness increase is greatest in the 
first half hour, and that after two hours the 
hardness is greater than it was by direct annealing 
at 850°C. Actually, a very few carbide particles 
could be seen in the microstructure after one hour 

‘in the Ti-0.16 pct C and Ti-0.27 pct C alloys but not 
after two hours. In the Ti-0.47 pct C alloy the car- 
bide phase is in equilibrium with a at 850°C, so it is 
not possible to dissolve all of the particles. How- 
ever, there appeared to be no change in quantity of 
carbide present between two and four hours of solu- 
tion time, indicating that the carbon solubility had 
been reached in less than two hours. It is believed 
that the rate of carbide solution is dependent on the 
size of the carbide particles. Since this variable was 
not investigated, it is possible that the solution times 
may vary from those reported here. 


Summary 

The principal strengthening mechanism found for 
Ti-C alloys is solid-solution strengthening. Carbon 
in solid solution in the a phase strengthens titanium; 
however, at compositions where carbon is present 
as TiC, increasing the quantity of TiC does not sig- 
nificantly alter the strength. The quantity of carbon 
in solid solution can be controlled by heat treat- 
ments. Quenching from temperatures just below the 
peritectoid temperature retains the maximum 
amount of carbon in solid solution. Quenching from 


the $-carbide field places the alloy in a softer con- 
dition than it is in the a-annealed condition because 
the solubility of carbon in £ titanium is quite low. 
The 8 phase transforms to a by a martensite reac- 
tion on quenching, thus providing a soft a matrix. 
Tensile ductilities are not changed appreciably by 
annealing treatments within the a field. Quenching 
from the B-carbide field lowers the reduction in 
area and elongation slightly. One interesting change 
in tensile ductilities occurs when Ti-C alloys are 
quenched from the a-f field. In this condition, the 
structure is composed of hard a grains in a matrix 
of soft a (transformed £); the soft matrix results in 
high reduction in area values. 

The quantity of carbon in solid solution has an 
effect on toughness. The greater the quantity of 
carbon in solid solution, the greater is the tendency 
for the alloy to undergo a transition from brittle- 
to-ductile behavior. Addition of other interstitial 
elements, such as oxygen, to a Ti-C alloy increases 
the tendency for a transition temperature. Carbon 
present in the alloy as TiC causes a lowering of the 
magnitude of the impact values but does not appear 
to cause a transition. The general conclusion from 
these impact studies is that interstitials in solid solu- 
tion in titanium cause titanium to undergo a brittle- 
to-ductile transition and that the higher the inter- 
stitial content, the higher is the transition temper- 
ature. 

The decrease in solubility with decreasing tem- 
perature for carbon in a titanium is indicative of an 
age-hardening system. However, the precipitation 
of TiC from a titanium at low temperatures (in the 
range of 300° to 500°C) is so rapid that overaging 
occurs almost immediately. Therefore, the use of 
precipitation hardening as a method of improving 
the strength of Ti-C alloys is not practical. 
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! Correction 


In the November 1954 issue: TP 3858E. Mechanical Properties of Alpha Titanium as Affected by Structure and 
Composition by R. I. Jaffee, F. C. Holden, and H. R. Ogden. On p. 1283, Figs. la and 1b have been transposed. 


Fig. la is Fig. 1b and Fig. 1b is Fig. la.” 
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Solution Rate of Solid Aluminum in Molten Al-Si Alloy 


by C. M. Craighead, E. W. Cawthorne, and R. |. Jaffee 


eee oN of a solid metal or alloy in a molten 

metal bath is used daily in melting operations, 
extractive metallurgical processes, and in brazing. 
It is generally recognized that temperature, time, 
agitation, and the composition of the solute metal 
and the solvent bath all affect solution rate. How- 
ever, there is little information available in the 
literature on the kinetics of the process or the rela- 
tive effect that these variables have on solution rate. 

In connection with an aluminum brazing study, 
data on the solution of aluminum in an Al-Si* bath 


* Al-Si refers to an Al-Si alloy of approximately eutectic (12.5 wt 
pet Si) composition. Baths containing from 10.5 to 14 wt pct Si 
were investigated. 


of approximately eutectic composition were deter- 
mined. This paper presents quantitative solution- 
rate data showing the effects that time, temperature, 
agitation, and composition of the solute metal and 
solvent bath have on the solution rate of aluminum 
in Al-Si. 
Preliminary Work 

Composition of the Al-Si Eutectic: Unpublished 
data, made available by the Hanford Atomic Prod- 
ucts Operations of the General Electric Co., indi- 
cated that the eutectic in the Al-Si system occurred 
at 577.2°C and contained 12.5 wt pct Si. This is in 
contrast to the usually accepted values of 11.6 wt 
pet Si and 577°C given in the literature."* In view 
of the discrepancy between the Hanford data and 
the literature and the desirability of determining the 
composition of the Al-Si baths by thermal rather 
than chemical analysis, the Al-Si system was re- 
examined in the region of the eutectic. 

Six high purity Al-Si alloys, with intended com- 
positions of 5, 8, 11.6, 12.5, 13, and 14 wt pct Si were 
prepared using 99.91 pct Al and 99.86 pct Si. The 
high purity silicon powdert was first consolidated 


+ Purchased from Electro Metallurgical Co., Lot No. 30008. 


by arc-melting in a water-cooled copper crucible 
using a water-cooled tungsten electrode and an 
argon atmosphere. This technique is employed ex- 
tensively for preparing contamination-free titanium 
alloys and melts of refractory metals. 

The alloys were prepared in a clay-graphite cru- 
cible by melting the aluminum and adding the sili- 
con to the melt. The melts were fluxed with chlorine 
to remove residual sodium. 

Chemical and thermal analyses were made on 
each alloy. The chemical analyses and metallogra- 
phic examinations were made on 0.250 in, thick 
chill-cast plates which had been cast in a steel mold 
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to promote rapid solidification. The chemical analy- 
ses were made on drillings taken from the cast 
plates. The results of this work are listed in Table I. 

The thermal-analysis data were obtained on 200 
gram samples cooled at approximately 1.5° per min. 
A calibrated chromel-alumel couple was used. The 
thermal arrests were recorded autographically on a 
General Electric photoelectric potentiometer re- 
corder. The instrument was calibrated to +2.5 pct. 
The thermal emf was bucked with a Leeds and 
Northrup semiprecision potentiometer so that 1 mv 
represented the full scale of the GE recorder. 

Referring to Table I, it will be noted that the 
analytical results tend‘to be lower than the intended 
compositions by about 0.3 pct Si in the higher 
ranges. In view of the known difficulties in obtain- 
ing accurate silicon determinations by wet analysis 
when the silicon content is high and in view of the 
care that was employed in weighing and preparing 
the alloys, the intended compositions are believed 
to be more accurate than the analyses. Furthermore, 
when the thermal-arrest data are plotted against the 
intended compositions, a smooth curve is obtained, 
as shown in Fig. 1. This is not the case when the 
data are plotted against the analytical results. 

It will be noted from Table I that the 12.5 pct Si 
alloy (melt 4) showed a primary arrest at 577.6°C 
and the eutectic at 576.1°C. The metallographic ex- 
amination of this chill-cast plate sample showed a 
small amount of primary silicon. These results, Fig. 
1, place the eutectic at slightly less than 12.5 pct Si 
and are in rather good agreement with the unpub- 
lished Hanford data. 

In all of the subsequent work, the composition of 
the Al-Si dipping baths was determined by thermal 
analysis (spread between the primary arrest and the 
eutectic temperature) employing 12.5 pct Si and 
577.2°C as the composition and temperature of the 
eutectic. 

Material Preparation and Selection of the Tech- 
niques: At the beginning of this work, it was antici- 
pated that, owing to oxide film present on the 
surface of the aluminum, difficulty would be en- 
countered in obtaining rapid uniform wetting of 
aluminum. specimens dipped in the Al-Si bath. The 
following etchants were investigated as possible 
methods of providing a thin uniform oxide film on 
the specimen surface: 1—phosphoric acid (H;PO:), 
2—fluoborie acid (HBF:), 3—sodium hydroxide 
(NaOH), and 4——hydrofluoric acid (HF). 

Tests with sheet specimens (2x12x0.06 in.) of 2S 
aluminum prepared with these etchants indicated 
that the fast uniform wetting required for this work 
could not be obtained.if any oxide film existed on 
the specimen surface. 

Tests were then conducted by dipping similar 
specimens etched in 5 pct NaOH and given a thin 
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Fig. 1—Composition of the Al-Si eutectic. 
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Fig. 2—Effect of thermal convection on the solution of 2S 
aluminum in the 20 Ib Al-Si bath at various temperatures. 


brushed coating of Alcoa No. 33* brazing flux. The 


* A proprietary mixture of chlorides and fluorides of alkali met- 
als, exact composition not available, melting range of 490° to 600°C. 


unpreheated fluxed specimens dipped in Al-10.7 pct 
Si alloy at 610°C were wet uniformly at dipping 
times ranging from 2 to 180 sec. 

Metallographic examination of the prefluxed sheet 
specimens showed a clearly defined and continuous 
aluminum-AlI-Si interface. Preliminary measure- 
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Table |. Results of Chemical and Thermal Analyses 
and Metallographic Examinations of High Purity Al-Si Alloys 


Silicon Content, 


Pct 
Chemical Pri- Eutec- Results of 
In- Analy- mary Ar- tic Ar- Metallographic 
Melt tended sis rest, °C rest, °C Examination 
ae 5.0 4.9 629.8 576.7 Primary aluminum 
2 8.0 8.0 609.9 577.6 Primary aluminum 
3 11.6 11:3 583.7 576.4 Primary aluminum 
4 12.5 12.2 577.6 576.1 Primary silicon 
5 13.0 12.7 581.3 578.0 Primary silicon 
6 14.0 13.7 598.0 578.2 Primary silicon 
Average eutetic arrest 577.2 


* Less than 0.05 pct Fe, 0.05 pet Cu, and 0.03 pct Mn by spectro- 
scopic analysis. 


ments of the thickness of these dipped specimens in- 
dicated that direct measurement of the specimen be- 
fore and after dipping would provide greater ac- 
curacy than could be attained by using techniques 
involving specimen weight changes or compositions. 

In the preliminary work with sheet specimens it 
was evident that edge effects would cause an exces- 
sive reduction of thickness at the edges of the speci- 
men. Thus it would be impossible to section the 
dipped specimens to give a truly representative area 
for measurement. It was decided, therefore, to use 
cylindrical specimens (7/16 in. diam by 2% in. 
long) in this investigation. 

While the furnace equipment for this work was 
being constructed, several series of fluxed and pre- 
heated rod specimens were run in a 5 lb Al-Si bath 
at 610°C. When these runs were repeated in the 20 
lb bath, under otherwise identical conditions, it was 
immediately evident that there was a marked in- 
crease in solution rate in the larger bath. This 
higher solution rate, attributed to the increased 
thermal convection currents existing in the larger 
bath, indicated the necessity for establishing stand- 
ard static conditions for conducting the investiga- 
tion. Several tests, made by dipping rod specimens 
inside a 1% in. ID graphite tube suspended in the 
20 lb bath, showed that this technique could be util- 
ized to minimize bath convection currents around 
the dipped specimen. A comparison of the solution 
rate of 2S aluminum in the 20 lb bath inside the 
carbon tube and with the carbon tube removed is 
shown in Fig, 2 

In preliminary runs to study the effect of agitation 
on solution rate, a vertical reciprocating motion was 
imparted to the specimen; however, the flow of 
molten Al-Si along the specimen resulted in exces- 
sive solution at both the top and the bottom of the 
specimen. The data reported on the effect of agita- 
tion were obtained by rotating the dip specimens in 
the 20 lb Al-Si bath with the graphite tube removed. 


Equipment and Techniques Used in Determining 
Solution Rate 


Furnace and Dipping Equipment: The equipment 
used in the static dipping of aluminum rod speci- 
mens is shown schematically in Fig. 3. The 20 lb 
Al-Si alloy bath, prepared from 99.75 pct Al and 98 
pet Si, was contained in a Dixon No. 20 clay-gra- 
phite crucible held in a resistance-heated pot-type 
furnace. The furnace temperature was controlled 
with a Foxboro automatic controller and a chromel- 
alumel thermocouple suspended between the cruci- 
ble wall and the furnace winding. Bath temperature 
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| 


was determined with a semiprecision potentiometer 
anda calibrated chromel-alumel thermocouple, in a 
Sauereisen* cement-coated stainless-steel protection 


* Sauereisen Insa-Lute Hi-Temp Cement, No. 7. 


tube, suspended in the molten bath. The maximum 
deviation in temperature on holding the Al-Si bath 
for extended periods, up to 32 min in the case of the 
maximum immersion time, was +2.0°C. 

The aluminum specimens (7/16 in. diam by 2%4 
in. long) were drilled and tapped to a depth of % in. 
and suspended on the threaded end of a 4 in. 
stainless-steel rod. A metal bracket mounted on the 
top of the furnace shell served to hold the specimen 
at a fixed depth in the center of a 1% in. ID by 6 in. 
graphite tube, held in position by a steel spider rest- 
ing on the furnace cover. Dilution of the Al-Si in- 
side the tube was minimized by removing the tube 
and stirring the bath after dipping each specimen. 

The rotated specimens, for the determination of 
the effect of agitation on the solution rate, were 
mounted on a % in. stainless-steel rod held in the 
chuck of a Cenco variable-speed stirrer (Type NS1- 
12). Because of space limitations, dipping was con- 
ducted under conditions of free thermal convection 
with the graphite tube removed from the bath. The 
specimen velocity was based on the peripheral 
speed of a rod specimen with an initial nominal di- 
ameter of 7/16 in. 

Specimen Preparation and Dipping: The alumi- 
num rod specimens used in this work were cut 
from 7/16 in. diam extruded rod. The 2S aluminum 
alloy was purchased through commercial sources. 
The other aluminum alloys were prepared and fa- 
bricated at Battelle. 

Analyses of the aluminum alloys are listed in 
Table II. 

One end of each 2% in. long specimen was drilled 
and tapped for attachment to the suspension rod. 
The specimens were then prepared as follows: 1— 
degrease in acetone, 2—etch 20 sec in 5 pect NaOH at 
70° to 80°C, 3—wash in cold running water, 4—-dip 
in 50 pet HNO,, and 5—wash in cold running water. 

After the specimen diameter was measured, the 
upper 34 in. of each specimen was coated with 
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Cover 
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Fig. 3—Equipment for static dipping of aluminum rod speci- 
mens. 
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Aquadag or Sauereisen No. 7 cement to provide an 
unattacked bearing surface for clamping in the vise 
of a metallographic specimen cutter. The remaining 
surface was given a thin brushed coating of Alcoa 
No. 33 brazing flux. 

The coated specimens were mounted on the stain- 
less-steel suspension rod or on the rod held in the 
chuck of the variable-speed stirrer and preheated 
by holding 4% to 5 min in a resistance-heated tube 
furnace maintained at bath temperature. The pre- 
heated specimens were immersed immediately in 
the dipping bath, held for the desired time, as meas- 
ured by a stop watch, then pulled and quenched in 
cold water. Several series of rod specimens after 
static dipping at 600°C are shown in Fig. 4. 

In dipping rotated specimens at the higher rates 
of agitation, it was necessary to immerse the speci- 
men in the molten bath alloy before starting rota- 
tion in order to prevent “throw-off” of the molten 
flux, with resultant incomplete wetting at the speci- 
men surface. Specimens dipped at higher rates of 
agitation were given a 10 sec static dip before start- 
ing the timed dipping period. Blanks for determina- 
tion of initial diameter were given a 10 sec static dip 
at corresponding temperatures. 

Measurement of Solution: With the exception of 
16 of the more irregular specimens resulting from 
dipping at the higher rates of agitation, all solution 
measurements were determined by direct measure- 
ment of specimen diameter before and after dipping. 

The initial diameters of the etched specimens 
were determined to an accuracy of 0.0001 in. by 
micrometer caliper. After dipping, four transverse 
sections from the attacked area of each specimen 


Fig. 4—Typical 7/16 in. diam rod specimens after a static 
dip at 600°C. Time of dipping, in min, is indicated on each 
specimen. 
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Table II. Analyses of the Aluminum Alloys 
Composition, Wt Pct 
Lot Designation Si Fe Cu Mn Mg Zn Cr Ti 
1 2s 0.15 0.40 0.12 0.013 <0.001 <0.1 <0.03 <0.008 
2 2s 0.11 0.40 0.15 0.008 <0.001 <0.1 <0.03 <0.025 
3 2s 0.15 0.54 0.11 0.01 0.03 <0.1 <0.01 <0.01 
4 2s 0.15 0.53 0.11 0.01 <0.01 <0.1 <0.01 <0.01 
Heat 9480 99.5 0.16 0.28 ox 
Heat 9481 99.8 0.06 0.08 = 
Heat 9482 99.8 + 0.3Mg 0.06 0.08 0.30 
Heat 9483 63S 0.46 0.26 0.71 = 


were mounted, polished, and etched with 0.5 pct HF 
to delineate the aluminum-Al]-Si interface. 

Typical microstructures of specimens dipped at 
600°C under static conditions and at an agitation 
rate of 2.5 fps are shown in Fig. 5. 

As illustrated, there is a thin precipitated layer 
of primary aluminum at the interface between the 
2S and the Al-Si. The absence of constituents in 
this zone which are present in the 2S identifies this 
area as primary aluminum which has precipitated 
from the adhering molten AI-Si on quenching. 
These micrographs clearly illustrate that the solu- 
tion of the 2S has been by uniform dissolution, 
rather than by intergranular attack. This appear- 
ance was characteristic of all of the alloys and baths 
and aided in delineating the boundary. All meas- 
urements were made from the base of this primary 
aluminum zone. 

In Fig. 5, where the grain boundaries of the 2S are 
made evident by heavy etching, it appears that the 
primary aluminum dendrites are oriented with re- 
spect to the grains in the underlying 2S. 

Using a Gaertner traveling microscope, reading to 
an accuracy of 0.005 mm at X100, four measure- 
ments of final diameter were made on each of the 
four sections by rotating the section 45° between 
readings. The average value of the 16 measure- 
ments was taken as the diameter of the specimen. 
In a typical case involving 5 tests at 585°C ranging 
in duration from 4 to 32 min, the maximum standard 
deviation from the average diameter was +0.0046 
in. The average penetration was calculated as one 
half the difference between the initial and final di- 
ameters. Solution-time curves plotted from these 
data showed a linear relation between the amount 
of solution and the time of immersion. Solution- 
rate data were calculated from these curves. A 
typical time-penetration curve is shown in Fig. 6. 


4 


Where irregularity of the dipped specimen pre- 
cluded direct measurement of final diameter, as in 
the case of a number of the specimens dipped at 
higher rates of agitation, the mounted sections were 
photographed at X15 or X20. The photographs were 
cut out along the aluminum-AlI-Si interface and the 
amount of solution was calculated on the basis of the 
weight of the cut-out photograph of the attacked sec- 
tion and the weight of the printing paper per unit 
area as determined for each photograph. 

The results of this study, covering the effect of 
bath temperature, silicon content of the bath, agita- 
tion, metal purity, and the iron content of the bath, 
on the solution rate of aluminum in molten Al-Si 
are given in the following sections of this paper. 
Because of the large number of measurements, the 
results are summarized in graphical and tabular 
form. 


Effects of Bath Temperature and Silicon Content 
of Bath on the Solution Rate of 2S Aluminum 
in Al-Si 


Static solution rates of 2S aluminum were deter- 
mined at temperatures of 585°, 595°, 600°, 610°, and 
625°C for Al-Si baths containing 10.5, 11.8, 12.5, and 
14 pet Si. In all cases, the silicon content of the 
bath was established by thermal analyses. These 
Al-Si baths were prepared from 99.75 pct Al and 98 
pet Si. The iron content did not exceed 0.33 pct and 
other impurities, copper, manganese, magnesium, 
etc., were low. 

Specimen-immersion times in the AI-Si baths 
ranged from a minimum of 5 sec at 625°C to a max- 
imum of 32 min at 585°C. The solution rates, as de- 
rived from these data, are listed in Table III. In 
several cases, the solution rates reported in Table 
III are averages of two determinations. The agree- 


for reproduction. 


Heayily etched in 0.5 pct HF. X250. Area reduced approximately 
40 pct for reproduction. 


Fig. 5—Typical microstructures of 2S aluminum rod specimens dipped under static and nonstatic conditions. 


84—JOURNAL OF METALS, JANUARY 1955: 


TRANSACTIONS AIME 


a—Dipped under static conditions for 2 min at 600°C. Heavily b—Dipped 20 sec at 600°C with an agitation rate of 2.5 fps. 
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Fig. 6—Typical time-penetration curve for 2S aluminum in AlI-Si 
(11.8 pct Si) at 585°C. 


ment between individual values was considered ex- 
cellent and showed a high order of reproducibility. 

Fig. 7 is a plot of the solution-rate data vs silicon 
content of the bath for the five operating tempera- 
tures. In this graph, the curves for each of the op- 
erating temperatures extrapolate to zero solution 
rate at the silicon content corresponding to the 
primary thermal arrest for the given temperature 
(e.g., the lquidus). Aluminum is in equilibrium 
with the bath at or below the liquidus, and the solu- 
tion rate of the aluminum specimen would be zero. 

The solution-rate curves also have been extrapo- 
lated for each temperature to the silicon content 
corresponding to the liquidus on the hypereutectic 
side. This was done to show the limits over which 
the Al-Si bath would operate in the liquid range. 
The solution rates of aluminum in hypereutectic 
baths would continue to be high up to and past the 
liquidus point. The best curves drawn through the 
experimentally determined points are straight lines 
extending from a minimum to a maximum solution 
rate. 

It is evident from foregoing discussion that the 
temperature difference between the operating tem- 
perature of the bath and the liquidus temperature 
for a bath of a given silicon content is an important 
variable. Temperatures of only a degree or so above 
the primary thermal arrest for hypoeutectic silicon 
alloys should produce a minimum solution rate, as 
shown in Fig. 7. 

Solution-rate curves based on the AT existing be- 
tween the temperature of the primary arrest and the 
operating temperature of the bath were prepared 
for each of the compositions investigated (10.5, 11.8, 
12.5, and 14 pct Si). 

Fig. 8, based on data obtained from these curves, 
shows the solution rate vs silicon content for con- 
stant-AT’s of 5°, 10°, 15°, 20°, and 25°C. This. family 
of curves shows that, for any AT, the minimum solu- 
tion rate is obtained when the bath contains between 
11.8 and 12.5 pct Si. Above the eutectic concentra- 
tion (12.5 pet Si), the solution rate of 2S aluminum 
in Al-Si increases very rapidly. 

Fig. 9 is a plot of solution rate vs 1/T (absolute). 
The solution rates employed in these graphs have 
been taken from the straight-line relationship es- 
tablished in Fig. 7, rather than the actually deter- 
mined experimental values. It will be noted that, 
for each concentration of silicon, there is a tem- 
perature zone wherein the straight-line relationship 
of log solution rate vs 1/T (absolute) holds. The 
slopes of the straight-line part of the curves corre- 
sponds to a heat of activation for the solution process 
of about 75,000 cal per mol of aluminum. This heat 
of activation might be considered as a heat of solu- 
tion. Actually, not much significance is attached to 
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Fig. 7—Effect of silicon content on the solution rate of 2S alumi- 
num in Al-Si at 585°, 595°, 600°, 610°, and 625°C. 
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Fig. 8—Curves showing the optimum silicon contents for 
minimum solution rate at various operating temperatures. 


it because the curves are not straight lines as the 
liquidus temperatures are approached. Practically, 
the lines could be extrapolated to find solution rates 
that could be expected at higher temperatures. 


Effect of Agitation 
Solution rates of 2S aluminum in eutectic Al-Si 
(12.5 pet Si) were determined at 585° and 600°C 
for agitation rates ranging from 0.5 to 2.5 fps. The 
agitation was obtained by rotating the 7/16 in. diam 
specimen at the appropriate rpm to give the selected 


Table Ill. Effect of Silicon Content of the Al-Si Bath on the Solution 
Rate* 2S Aluminum at 585°, 595°, 600°, 610°, and 625°C 


Bath Silicon Content 
Series Tempera- of Bath, Solution Rate, 
No. ture,** °C Wt Pct In. per Min 
56 595 10.5 0.0024 
57 600 10.5 0.0051 
58 610 10.5 0.0132 
59 625 10.5 0.0340 
20 585 11.8 0.0012 
14 and 19 595 11.8 0.0040 
13 and 18 610 11.8 0.0177 
16 625 11.8 0.0450 
21 and 48 585 12.5 0.0018 
22 and 43 595 12.5 0.0084 
23 and 49 600 12.5 0.0123 
24 610 12.5 0.0175 
25 625 12.5 0.0430 
62 600 14.0 0.019 
61 610 14.0 0.030 
60 625 14.0 0.055 


* Static conditions: specimen dipped in 1% in. ID graphite tube 
suspended in bath, 
+ Determined by thermal analysis. 
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Table IV. Effect of Agitation Rate* on the Solution of 2S Aluminum 
in Al-Si (12.5 pet Si) 


Silicon 


Bath Content Agitation Solution 
Series Tempera- of Bath,; Rate, Rate, 
No. ture,** °C Wt Pct Fps In. per Min 
21 and 48 585 12.5 Staticty 0.0018 
27 585 12.5 0.5 0.0193 
28 and 28A 585 12.5 Zi 0.0698 
23 and 49 600 Statict} 0.0123 
29 and 26B 600 12.5 0.5 0.060 
31 600 12.5 1.0 0.119 
32 600 12.5 1.5 0.150 
33 600 12.5 2.0 0.190 
30 600 12.5 2.5 0.210 


ae of 7/16 in. diam rotated in bath without graphite 
tube. 
+ Determined by thermal analysis. 
7+ Specimen dipped in 1% in. ID graphite tube suspended in bath. 


linear velocity at the periphery. A reciprocating 
motion, as noted earlier, was found to give excessive 
solution at the top and bottom of the specimen and 
therefore could not be employed to establish solu- 
tion rates. At the higher agitation rates, the coating 
of brazing flux was removed rapidly from the sur- 
face of the specimen and nonreproducible results 
were obtained. With the higher agitation rates, a 
10 sec static immersion, to permit initial uniform 
attack on the specimen, was employed. In many 
cases the agitated specimens were too irregular in 
cross-section for measurements with the traveling 
microscope. These specimens were sectioned, pol- 
ished, etched, and photographed at X15 to X20. The 
average solution was determined as described in the 
section “Measurement of Solution.” 

The solution rates, as derived from plots of the 
data similar to Fig. 6, are listed in Table IV. Fig. 10 
is a plot of the solution-rate data vs agitation rate 
for the two temperatures. It is immediately evident 
that agitation greatly accelerates the solution of 2S 
aluminum in eutectic Al-Si at a constant tempera- 
ture. 

The effect of agitation is roughly linear with peri- 
pheral velocity; the rates increase about 16 times 
from static to 2.5 fps at 600°C and about 40 times at 
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Fig. 9—Relationship between solution rate and absolute 
temperature. Solution-rate data taken from Fig. 7. 
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585°C. The slope of the 600°C curve corresponds to 
an increase in rate of about 0.1 in. per min penetra- 
tion for each ft per sec increase in peripheral velo- 
city. At 585°C, the rate increases about 0.035 in. per 
min for each ft per sec increase in velocity. 

The potent effect of temperature carries over to 
the agitated specimens. An increase in temperature 
of 15°C almost triples the solution rate at agitation 
rates of 0.5 to 2.5 fps. Of the variables studied in 
this investigation, agitation rate and temperature 
were found to be the most significant factors. In 
work on baths with silicon contents ranging from 
10.5 to 14.0 pet Si, silicon contents in excess of the 
eutectic composition were also found to affect solu- 
tion rate markedly, as shown in the previous section. 


Effect of Metal Purity and Bath Impurities 

The effect of the composition of the aluminum al- 
loy used for dipping was investigated using static 
conditions, temperatures of 585° and 600°C, and a 
eutectic Al-Si (12.5 pct Si) bath. The metal purity 
varied from 2S (99 pct Al) to 99.8 pct Al. In addi- 
tion to the above material, 99.8 pct Al with 0.3 pct 
added magnesium and alloy 63S were tested. The 
analyses of the 2S rods and the alloys prepared for 
these tests are listed in the section on ‘Furnace and 
Dipping Equipment.” 

The solution rates derived from plots of the data 
similar to Fig. 6 are listed in Table V. At 585°C, 
there appears to be no trend as the purity of the 
aluminum is increased from 99 to 99.8 pet. The solu- 
tion rates of 99.5 and 99.8 pct Al are both higher 
than the solution rate of the 2S metal. However, the 
solution rate with high purity 99.8 pct Al is lower 
than that of the less pure 99.5 pct Al. At this tem- 
perature, the 99.8 pct Al with 0.3 pct added mag- 
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Fig. 10—Effect of agitation on the solution rate of 2S alumi- 
num in AI-Si (12.5 pet Si) at 585° and 600°C, 
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Table V. Effect of Metal Purity on the Static Solution Rate* 
of Aluminum in AI-Si (12.5 pct Si) at 585° and 600°C 


Bath 
Tem- Silicon Solution 
pera- Content Rate, 
Series ture,** of Bath,; In. 
No. Metal °C Wt Pct per Min, 
21 and 48 99 pct Al 585 12.5 0.0018 
38 99.5 pct Al 585 12.5 0.0024 
39 99.8 pct Al 585 12.5 0.0021 
40 99.8 pct Al+ 
0.3 pct Mg 585 12:5 0.0014 
41 and 42 63S 585 12.5 0.0014 
23 and 49 99 pet Al 600 12.5 0.0123 
34 99.5 pct Al 600 12.5 0.009 
35 99.8 pct Al 600 12.5 0.008 
36 99.8 pct Al+ 
0.3 pet Mg 600 12.5 0.011 
37 63S 600 12.5 0.010 


x Specimen dipped in 1% in. ID graphite tube suspended in bath. 


+ Determined by thermal analysis. 


nesium and alloy 63S had identical solution rates, 
and their solution rates were lower than that of 2S. 

At 600°C, the solution rates of all of the alloys 
were lower than that of the 2S, with the high purity 
99.8 pct Al showing the lowest solution rate. 

As a result of this limited investigation of the 
effects of metal purity on the solution of aluminum 
in eutectic Al-Si, it is concluded that, although 
minor differences may exist between the various 
alloys, metal purity itself is not a major variable. 

Tron is the chief impurity present in Al-Si alloys. 
The effect of the iron content of the Al-Si bath on 
the solution rate of 2S aluminum was investigated 
for eutectic alloys using static conditions and two 
temperatures, 585° and 600°C. Baths with iron con- 
tents ranging from 0.20 to 0.74 pct were employed. 

The solution rates with four levels of iron are 
listed in Table VI. Fig. 11 is a plot of the solution 
rates at 585° and 600°C vs iron content. These data 
show that, by increasing the iron content of the bath 
to concentrations in excess of about 0.5 pct, the solu- 
tion rate of 2S aluminum in the eutectic Al-Si bath 
is markedly lowered. This finding is considered to 
be of considerable importance and should be inves- 
tigated more fully. It is known that iron lowers the 
corrosion resistance of Al-Si and this may be a limit- 
ing factor in application. 


Conclusions 
Quantitative solution-rate data for the solution of 
2S aluminum and some aluminum alloys in molten 
Al-Si have been obtained for a number of operating 


Table VI. Effect of Iron on the Static Solution* of 2S Aluminum 
in Al-Si (12.5 pct Si) at 585° and 600°C 


Silicon 
Bath Bath Content Solution 
Series Impurity, Tempera- of Bath,; Rate, In. 
No. Wt Pct ture,** °C Wt Pct per Min 
21 and 48 tT 585 12.5 0.0018 
50 0.42 Fe 585 12.5 0.0019 
52 0.58 Fe 585 12.5 0.0010 
54 0.74 Fe 585 12.5 0.0005 
23 and 49 tT 600 12.5 0.0123 
51 0.42 Fe 600 12.5 0.0119 
53 0.58 Fe 600 12.5 0.0110 
55 0.74 Fe 600 12.5 0.0094 


* Specimen dipped in 1% in. ID graphite tube suspended in bath, 
.0°C; 
+ Determined by thermal analysis. ‘ : 
- ++ Average of two determinations in normal Al-Si bath containing 
0.20 pct Fe and 0.24 pct Fe. 
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Fig. 11—Effect of iron content of the bath on the solution rate of 
2S aluminum in AlI-Si (12.5 pet Si) at 585° and 600°C. 


conditions. Static tests conducted at 585°, 595°, 600°, 
610°, and 625°C, for baths containing 10.5, 11.8, 12.5, 
and 14 pct Si, show a linear relation between the 
time of immersion at a constant temperature and 
the depth of penetration. Temperature was found 
to increase markedly the solution rate. For example, 
with the 10.5 pct Si bath, the solution rate at 595°C 
was 0.0024 in. per min. At 625°C, the solution rate 
was 0.034 in. per min, 14 times the solution rate at 
595°C. For a given AT (difference between the pri- 
mary thermal arrest of the Al-Si bath and the operat= 
ing temperature), the optimum concentration of 
silicon for minimum penetration lies between 11.8 
and 12.5 pet Si. With silicon concentrations in ex- 
cess of 12.6 pct, the solution rate increases rapidly 
for any selected AT. 

The effect of agitation was studied using a eutectic 
Al-Si bath at two temperatures, 585° and 600°C. 
Agitation, measured in peripheral speed, at constant 
temperature greatly increases the solution rate of 
2S aluminum, the increase being roughly linear with 
increasing peripheral speed. With an increase in 
temperature of 15°C, the solution rate was almost 
tripled at any fixed agitation rate between 0.5 and 
DS: 

The effect of the purity of the aluminum being 
dipped was investigated using a eutectic Al-Si bath 
and two temperatures, 585° and 600°C. Although 
minor differences in the solution rates of the various 
alloys were obtained, metal purity itself is not a 
major variable. 

Iron in the Al-Si bath in concentrations in excess 
of about 0.5 pct greatly lowered the solution rate of 
2S aluminum at 585° and at 600°C. 
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Mobilities in Diffusion in Alpha Brass 


by G. T. Horne and R.-F. Mehl 


Diffusion coefficients and mobilities were determined as functions of concentration in 
the a phase of the Cu-Zn system. Use was made of incremental diffusion couples to deter- 
mine the Kirkendall effect at various concentrations. Darken’s analysis was used to calcu- 
late the individual diffusion coefficients and mobilities from these data. The general 
diffusion coefficient is a single-valued function of the concentration in this system to 
within the limits of accuracy of the experimental methods used. The form of the various 
functions (diffusion coefficients and mobilities) of concentration is the same in every 
case: it is essentially the same as the usual D ys ¢ curve. 


S Darken’ has pointed out, the knowledge that 

the movements of different atoms diffusing in 
the same lattice need not proceed at the same rate is 
old. Ionic lattices are the classical examples; appli- 
cation of the generalization to lattices with metallic 
bonding was much more slowly accepted. It re- 
mained for Kirkendall’* to show clearly that metallic 
diffusion need not be symmetrical with respect to 
both species. Several investigators’* have-confirmed 
the initial observation of a ‘Kirkendall effect:” 
marker movement accompanying diffusion. They 
have extended it to other systems and conditions, 
The theoretical interpretations have been many;’ one 
of the first and simplest of these is that of Darken” 
which is essentially mechanism independent. Darken 
has shown that the Kirkendall experiment permits 
a calculation of the individual diffusion coefficients 
and, coupled with activity data, offers a means of 
measuring the mobilities of the separate atoms in a 
binary diffusion process. 4 

There is no published information on the effects of 
concentration and temperature on the individual 
diffusion coefficients or on the mobility .values in 
binary solid solution; this paper provides such in- 
formation for zine and copper in a brass. 

For purposes of clarity, the overall D value ob- 
tained, for example, from the Boltzmann-Matano 
solution to Fick’s law, will be designated as the 
“general diffusion coefficient;” and the diffusion co- 
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efficients for the separate diffusing species will be 
designated as the “individual diffusion coefficients.” 


Experimental Procedure 


The authors have accepted Darken’s” analysis and 
have measured mobilities on this basis. The findings 
of da Silva and Mehl’ are accepted: that the Matano 
interface, defined as the origin of coordinates for the 
Boltzmann-Matano solution to Fick’s law, coincides 
with the original weld interface; that the “‘shift”’ of 
a marker is the distance between the Matano inter- 
face and the marker; that the observed porosity is 
too small sensibly to affect this result; and that the 
shift is a linear function of the Matano area, the area 
defined as the absolute magnitude of the area on 
either side of the Matano interface. 

Alloys: The a-phase of the Cu-Zn system was 
chosen for investigation. The measurements were 
made on incremental couples for two separate rea- 
sons: 1—it has been questioned whether D, the gen- 
eral diffusion coefficient, is a single-valued function 
of concentration (a comparison of the D-values for 
couples with small concentration range, e.g., 10 vs 
20 pet Zn, against those from a wide concentration 
range, e.g., 0 vs 30 pct Zn, will answer that ques- 
tion); and 2—on the Darken analysis, the mobility 
can be determined only at the concentration at which 
the marker is observed to lie (this is but one con- 
centration in a single couple) but choosing a series 
of incremental couples in the range between 0 and 
30 pet Zn provides mobility values at several con- 
centrations, thus giving mobility as a function of 
concentration.: Four alloys were chosen; nominally, 
pure copper, copper with 10 pct Zn, copper with 20 
pet Zn, and copper with 30 pct Zn. This allowed six 
different types of diffusion couples to be prepared, 
promising mobility determinations at six different 
concentrations, but having a minimum range of 10 
pct Zn. The copper was an especially prepared pure 
copper supplied through the courtesy of the Ameri- 
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Table |. Analyses of Alloys Used in This Investigation 


Constituent, 
ie Constituent, Wt Pct Atomic Pet 
(Nominal) Cu Zn, Pb Fe Sn Sb Ni Bi As Te Cc Cu Zn 
Cu 0.0001 0.0001 nil 0.0001 0.000 
Cu-20 pet Zn 80.20 19.78* 0.005 0.01 — 80.6 19.4 
Cu-30 pet Zn 70.04. 0.02 0.05 0.02 = 70.6 29.4 


* Zine analyses by difference only. 


can Smelting and Refining Co.; the 30 pct Zn alloy 
was a special naval cartridge brass, supplied by the 
Naval Gun Factory; the 10 pct Zn and the 20 pct Zn 
alloys were selected commercial alloys supplied by 
the American Brass Co.; analyses, obtained from the 
suppliers, are to be found in Table I. Analyses of the 
brasses, done in concurrence with the analytical 
work on the diffusion couples, agreed with those 
supplied. 

The brasses were received in the form of rolled 
and annealed plate approximately % in. thick. 
Grain-size determinations, longitudinal and trans- 
verse (both across the plate and through its thick- 
ness), showed an equiaxed structure; these deter- 
minations are shown in Table II. The copper was 
received as as-cast 1 in. diam rods; the grain size 
(shown in Table II) was very large. The grain size 
after diffusion was large; the average grain diameter 
was 5 to 10 mm, being larger for couples showing 
greater diffusion-higher temperature and/or longer 
time and/or greater gradient. (The grain length, in 
the direction of diffusion, was not as great; it was 
limited to the zone of diffusion.) 

From the brass plates, disks approximately 1% in. 
in diameter were cut; the copper rods were cut into 
disks approximately % in. thick. The disks were 
turned down slightly and were accurately faced on 
both sides, the flats were perpendicular to the turned 
cylindrical surface and parallel to each other. The 
disks were then given a metallographic polish and 
cleaned. 

The markers used were 3 mil W wire supplied by 
the Sylvania Electric Products Co. As was mentioned 
by da Silva and Mehl,’ this is about the smallest-size 
wire that can be conveniently distinguished during 
the machining of the diffused couple. The wire was 
wound around one of the disks of the prospective 
diffusion couple (in the case of the triple-disk 
couples, the one chosen was, of course, the center 
disk) to give four or five strands marking the inter- 
face. The couple was then assembled and pressed to 
approximately 5000 lb to embed the wires in the 
alloys. 

Pressed couples were placed in a vertical furnace 
of da Silva’s design’ and welded, under pressure, at 
a nominal temperature of 50°C below the solidus of 
the lower-melting alloy. They were held at temper- 
ature for % hr. Heating times ran in the neighbor- 


Table Il. Grain Size of Alloys 


Grain Size, 
Alloy Average Grain 
(Nominal) Diameter in Mm 
Cu ~10 
Cu-10 pct Zn 0.065 
Cu-20 pet Zn 0.065 
Cu-30 pet Zn 0.090 
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hood of 1% hr; cooling times were somewhat longer. 
Welding was done in an atmosphere of flowing dried 
hydrogen. The amount of diffusion that occurred 
during welding was considered to be small with 
respect to that during the diffusion run and was 
neglected. That this was a reasonable assumption is 
shown by the fact that duplicate diffusion runs, at 
short and long times (see the next section), yielded 
the same diffusion-penetration curves when plotted 
on a reduced coordinate of x\/t. 

Diffusion Treatments: The diffusion of the welded 
couples was carried out in bombs of 144 in. ID black 
iron pipe, closed on both ends with standard caps. 
The couples were placed in the bombs ‘“‘floating”’ in 
a mixture of lampblack and chips of brass of the 
zine content of the highest brass in any of the 
couples in that bomb. The machined chips served as 
a reservoir of zinc vapor to protect the couples from 
dezincification, and the lampblack kept the couples 
away from each other, the chips, and the interior of 
the bomb. 

The diffusion runs were carried out in a flowing 
hydrogen and/or nitrogen atmosphere. A maximum 
of six diffusion couples, three in each of two bombs, 
were run at the same time. The long-time charac- 
teristics of the controller-furnace arrangement 
showed a random migration of some 3°C total range. 
An integration of the time-temperature record (in- 
cluding heating and cooling times) was made by 
inspection; it is felt that the values reported are 
within +2°C and % hr elapsed time in all cases ex- 
cept couples 049, 065, and 069; here the time may 


perhaps be in error by 1 hr. 
51 <—AFTER 
A 48 49 50 ae 


58 ~—AFTER 
CUT 


Fig. 1—Examples of appearance of wire interfaces. A, couple 
050; interface, center cut 50+-. B, couple 071; interface, end 
cut 57—. C, couple 066; interface, end cut 35—. 
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Fig. 2—Probability plot of data from couple 053 (10/30, 
144.2 hr at 887°C). 
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Fig. 3—Rectangular concentration-penetration curve, couple 
053 (10/30, 144.2 hr at 887°C). 


Two temperatures were selected to be the primary 
basis for this work, about 780°C and 850°C; runs 
also were made at two temperatures above these and 
at one below. Triple-disk couples (double diffusion 
couples) were used for long-time runs at the base 
temperatures and duplicate short-time runs were 
also made in an effort to check the data at these 
base temperatures. In addition, duplicates of these 
runs were made to allow for the possibility that 
couples might part during machining. 

Machining: After the diffusion anneal, two paral- 
lel flat surfaces, approximately % in. wide, were 
carefully machined parallel to the cylindrical axis 
of the couple. These surfaces were so oriented as to 
be as nearly as possible normal to the axes of the 
wire markers. The surfaces were given a metallo- 
graphic polish and were etched so that the wires 
were easily visible under low power magnification. 

The couple was mounted in a lathe and, with the 
aid of a low power telescope and the wire ends, the 
wire interface was aligned perpendicular to the 
lathe axis. The specimen was now turned to a diam- 
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Fig. 4—General diffusion coefficient ys concentration, about 
780°C. 


eter of 0.6 to 0.8 in. depending upon the original size 
of the couple (the copper disks were originally <1.00 
in. in diameter; the brasses, about 1.25 in.), the 
length of the diffusion run and the ambient vapor 
pressure of zinc during the run. The end of the 
couple was then machined away and the cutting of 
specimens for analysis begun at a distance from the 
interface approximately 50 pct larger than the dis- 
tance at which the first detectable concentration 
difference was to be expected. 

In the region where the concentration-penetration 
curve was expected to be flat, samples of 8 mil thick- 
ness were cut; as the interface was approached, this 
was lowered to 4, then 2 mil. Essentially all of the 
concentration-penetration curve was cut into sam- 
ples of 2 mil thickness. All of the cross-section was 
taken for the sample. 

Distances were measured on the feed micrometer 
on the lathe. After every five cuts, an independent 
measurement was taken with a portable micro- 
meter. In no case were the two independent meas- 
urements in disagreement by more than 1 mil over 
the total length of the specimens cut. 

Upon approaching the wire interface, extra care 
was taken so as to observe the first appearance of 
the wires. Sketches were accurately drawn of the 
appearance of the wires on each interface (between 
two cuts) at which they could be seen. With 3 mil 
marker wires, it is possible to have them situated so 
that they appear at only one interface. Slight dis- 
placement from this position will, however, cause 
the wires to be visible at two succeeding interfaces. 

Two separate and distinct factors can cause the 
wires to appear in more than two interfaces: mis- 
alignment of the couple (wire interface not perpen- 
dicular to the axis) and a nonplanar wire interface. 
Welded couples appear to be especially prone to the 
second fault; an extreme example can be seen in 
Fig. 1c. And, of course, despite all precautions, the 
first fault will appear in varying degrees. 
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However, the sketches made of the appearance of 
the wires allowed the wire interface plane to be de- 
termined within the limits of the procedure in all 
cases studied here. It is to be noted that this pro- 
cedure will allow the determination of the interface 
plane to the closest 1 mil only; it can be said, for 
example, that the wire interface lies within % mil 
of the interface after cut 68 or within 1% mil of the 
center of cut 53. This can be improved only to the 
extent that the true position of the wire interface 
can be said to be more probably in one direction 
from this selected position than in the other. The 
uncertainty in the usual case can be limited to a 
total of 4% mil rather than +% mil. This is the basis 
for the positioning of the wire interface shown in 

Chemical Analysis: Usually, every third machined 
sample was sent for chemical analysis. Samples were 
analyzed for copper by titration with thiosulphate 
using an outside iodine indicator. These samples 
which were contaminated with tungsten from the 
wires were analyzed for both copper and zinc elec- 
trolytically, and the percentage of copper was cal- 
culated from these analyses. Analysis points that 
were in doubt were bracketed by two or three “fill- 
in” samples analyzed subsequently but in the same 
manner. The expected accuracy of these analyses 
was +0.2 pct Cu. Some six to ten samples through- 
out the diffusion zone were analyzed for copper by 
electrolysis. The points determined by this inher- 
ently more accurate method were treated with some 
greater confidence in cases of doubt. 


Results 
The results of the chemical analyses* were plotted 


* Because of limitations of space, complete results of chemical 
analysis are not herein reproduced. For these data order Document 
4404 from American Documentation Institute, 1719 N St. N.W., 
Washington 6, D. C., remitting $1.25 for microfilm (images 1 in. 
high on standard 35 mm motion picture film) or $1.25 for photo- 
copies (6x8 in.) readable without optical aid. 
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Fig. 5—General diffusion coefficient vs concentration, about 
855°C. 
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first on “probability” paper, as in Fig. 2; this allows 
the drawing of smooth curves, especially at the ends 
of the penetration curves, with greater justification 
than is possible when drawing the penetration 
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aN: 


curves directly. The smooth “probability” curve was 
then transformed to regular rectangular coordinates 
and replotted as the usual concentration-penetra- 
tion curve as in Fig. 3. From these, D as a function 
of concentration was obtained from the Boltzmann- 
Matano solution. Some of the values so obtained are 
plotted in Figs. 4 through 6. At 780° and 855°C, 
there were a minimum of five and a maximum of 
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Fig. 8—Constants from the Arrhenius equation (D—D,e°/"") 
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eight D-values at a given concentration; at 915°C 
there were a minimum of three and a maximum of 
four D-values at a given concentration. Because of 
overlap, all these points are not plotted in Figs. 4 
through 6; in every case, however, the maximum 
spread is plotted. D-values were obtained also at 
724° and 887°C but are not plotted. 

Scatter among the individual diffusion-coefficient 
values is in evidence, especially at the ends of the 
concentration range of any given sample. The diffu- 
sion coefficients vary more toward the high ends 
than they do at the low concentrations (with the 
exception of couple 031 and possibly 060). The effect 
of the 6° temperature difference around 780°C is 
not discernible. There appears to be no evidence that 
D is not a single-valued function of the concentra- 
tion; it appears that D is a single-valued function of 
the concentration to within the limits of accuracy of 
the experimental methods used. This is the same 
result obtained by Wells et al.” for the diffusion of 
carbon in austenite. 

On large-scale plots of the type of Figs. 4 through 
6, the functions D(c) were drawn by inspection as 
smooth curves. Values of D were read at various 
concentrations from these curves and plotted as 
logs D vs 1/T°K as shown in Fig. 7. The best 
straight lines were drawn through the points at 
given concentrations and these smoothed values ap- 
pear as the “composite” values in Fig. 7 and the 
smooth curves in Figs. 4 through 6. Calculated values 
of Q(c) and D,(c) (from the Arrhenius equation in 
the form D = D,e°*") are plotted in Fig. 8. 

The Q(c) values are somewhat lower than those 
of da Silva and Mehl,’ approaching theirs only at the 
higher zine concentrations. The D, values show an 
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Table III. Derived Data (Raw) for All Couples 


1441, 
049 915 39% 7670 


omic Cwire, Cmat, Shift 
Pct Atomic Atomic Cm 
ype Couple T,°C t,Hr Cmxl0-! Pet Zn Pct Zn x10-4 “Range 
0/10 050 776 1325 5.0 5.0 0 
025 780 361 1065 5.0 5.0 00 ie 
061 854 92 1130 5.2 5:2 1.4 14.1 
037 855 323% 2160 bi2 5.2 0.0 12.7 
060 914 1141/3 1910 5.6 5.6 1.5 14,2 
10/20 028 780 361 1910 15.35 15.3 6.8 19.5 
059 783 94 985 15.35 OLS EP 13.8 
073 854 92 1900 15.1 153: 0.1 12.6 
027 855 323% 3640 15.25 15.2 5.3 18.0 
071 914 1141/3 3290 15.0 15.0 16.6 3.9 
0/20 033 780 361 3050 11.65 11:2 30.2 17.5 
026 783 94 1570 11.65 12 13.1 0.4 
056 854 92 3020 12.2 ula lar (33 28.2 15.5 
034 855 323 Ye 5600 122 11.7 53.2 40.5 
057 914 1141/3 4990 12.15 lb ley) 42.4 29.7 
20/30 055 7124 43112 2530 25.45 25.3 26.6 13.9 
039 776 5025 25.25 25.2 38.6 25.9 
024 780 361 4600 25.3 25.25 25.5 38.2 
066 854 92 3900 25.4 25.25 35.0 22.3 
036 855 323% 7850 25.4 25.3 67.0 54.3 
038 855 479% 8775 25.4 25.3 56.0 69.7 
069 915 39% 3720 25.1 25.0 27.6 40.3 
10/30 029 780 361 6290 22.3 21.8 51.5 38.8 
062 783 94 3230 22.2 21.8 33.9 21.2 
064 854 92 5880 22.65 22.3 42.3 55.0 
035 855 323% 10950 22.75 22.4 83.3 96.0 
053 887 114%, 9025 22.75 22.3 80.4 67.7 
065 915 39% 6470 22.2 21.8 52.9 40.2 
0/30 031 780 361 7900 20.15 19.2 76.6 63.9 
032 855 323% i 
20.65 19.9 60.9 73.6 


unusual (and perhaps unlikely) passage through a 
maximum. Again they approach the values of da 
Silva and Mehl only at the higher zine concentra- 
tions. The values show much less dependence on 
concentration than do those of the latter authors. 
But because of the large extrapolation involved, 
based on values determined over a very short range 
of temperature, little significance can be attached to 
these values. 

Calculation of the Shift: The shift velocity was 
calculated on the basis of the finding of da Silva 
and Mehl that the shift is equal to the distance be- 
tween the Matano (original) interface and the wire 
interface. The coordinates of the Matano interface 
have, of course, been calculated in connection with 
the calculation of D; the wire interface position has 
been determined from the machining operation, but 
is known only to within % mil. It is this range of 
% mil which is shown in Table III: the value of 
“shift” is that corresponding to the measured co- 
ordinate of the interface; the “range” is +% mil 
depending on whether the expected deviation was 
forward or backward from the wire interface. In- 
cluded in this table are values of the concentration 
at the wire interface and the concentration at the 
Matano (original) interface. 

As can be seen from Table III, the measured 
shifts vary up to 120x10* cm; many are under 
50x10“ cm. Under these conditions, this 4% mil un- 
certainty must be cut down, since the velocity of 
marker motion cannot be calculated if the position is 
in doubt by 50 to 100 pct. 

The authors have accepted the finding of da Silva 
and Mehl that, independent of temperature, the shift 
is a linear function of the Matano area; they do not 
know, but may suspect, that this relationship is also 
independent of composition range in a given system. 
Plots of this type can be found in Figs. 9 through 15, 
the first six for a given concentration range, the last 
for all couples here studied. Within a given concen- 
tration range, there is no apparent deviation from 
the da Silva relationship; there is, however, a trend 
within the total range so that it appears that the 
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slopes vary with the range. This will be accepted 
for the moment, returning to Fig. 15 later. 

Figs. 9 through 14 do serve to limit the possible 
extent of the shift sharply; the remaining uncer- 
tainty has been arbitrarily bisected to give the con- 
stant relating shift to Matano area. 

If the values of shift are selected from these plots, 
it is assumed implicitly that the measured Matano 
areas are accurate and correct. But, in view of the 
scatter in D-values found previously, it would ap- 
pear that this is not the case; some of this scatter 
must be due to inaccuracies in measurements of 
areas and, more important, to inconsistencies among 
the plotted concentration-penetration curves. This 
may be checked and some of the uncertainties re- 
moved by plotting the logarithm of the measured 
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Fig. 17—General and individual diffusion coefficients ys con- 
centration, 780°C. 


Matano area divided by (time)’” (a ratelike con- 
stant) against 1/T in a given concentration range. 
This has been done in Fig. 16. It will be seen that, 
in a few cases, this procedure leads to a much im- 
proved approximation to the Matano area. 

To be as accurate as possible, the data of Figs. 9 
through 15 should now be replotted, utilizing the 
more accurate Matano-area values. In practice, 
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Table IV. Derived Data (Smoothed) for All Couples 


Atomic ( )m, 
Couple Pet Atomic Shift, dx 
Type Couple Cmx10-4 Pet Zn Cmx16-+ Cm-t 
0/10 050 1280 3.8 1.26 
025 1140 3.4 1.38 
061 1115 eZ 3.35 1.25 
037 2105 6.3 0.640 
10/20 028 1975 8.1 0.904 
059 1040 4.5 1.22 
073 1870 15.2 Wtf 0.701 
027 3525 14.5 0.399 
O71 3240 0.434 
0/20 033 3020 PBL) 1.46 
026 ° 1580 12.2 2.99 
056 2880 1.52 
034 5415 42.2 0.866 
057 5000 38.8 1.08 
20/30 055 3180 24.0 0.285 
039 5090 38.0 0.281 
024 4555 34.5 0.294 
066 3870 25.2 29.2 0.399 
036 7335 55.0 0.213 
038 8910 67.0 0.1845 
069 3685 27.5 0.391 
10/30 029 6455 51.0 0.792 
062 3495 28.0 1.53 
064 5760 22.1 45.5 0.792 
035 10850 86.0 0.4025 
053 9060 71.5 0.524 
065 5670 45.0 0.818 
0/30 031 7885 70.5 1.18 
032 13600 122.5 0.911 
043 11280 19.6 101.0 0.836 
049 7180 64.0 1.08 


however, the slopes are quite insensitive to the 
smoothed Matano areas. In the present case, none 
of the Matano areas which were inconsistent were 
“critical:’”’ they did not serve as limiting values for 
the slope. It is sufficient, then, to read from Figs. 9 
through 14 the shift corresponding to the smoothed 
Matano area for this couple. These values are re- 
ported in Table IV together with the measured tan- 
gents to the concentration-penetration curves at the 
wire interface which are necessary in calculating the 
individual diffusion coefficients. The values given 
for shift in the 0/10 couples and, to some extent, in 
the 10/20 couples are quite arbitrary. The possible 
limits for the shift “rate,” as seen in Figs. 13 and 14, 
are widespread; long-time diffusion runs are needed 
to limit this range. The concentration at the Matano 
interface listed in Table IV is an average of the 
values listed in Table III. There is, apparently, no 
consistency in the values for either the marker con- 
centration or the Matano interface concentration; 
this is in agreement with the observations of Thomas 
and Birchenall.” 

Calculation of the Individual Diffusion Coeffi- 
cients, D;, and D,,: Darken’s equations for the de- 
termination of the individual diffusion coefficients, 
written in terms of the general diffusion coefficient 
D (the Boltzmann-Matano D), the coordinates of 
the marker z,,, the fractional concentration N, the 
tangent to the concentration-penetration curve at 
the marker (dN/dx),,, and the time t, are 


D = IN Dou + Nou Din 


Lm D 


The D which was used was the composite D pre- 
viously reported and obtained at an average wire 
concentration; the tangents were measured at the 
observed wire interfaces. Computed values of D,, 
and Dm, and the difference D,,— Do. are reported 
in Table V with the appropriate D’s and are shown 
in Figs. 17 through 19. The difference D,, — Do is 
shown in Fig. 20; activation plots are shown in Figs. 
21 and 22. 
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Several points appear immediately. It can be 
seen that the values of D,,, behave quite regularly, 
even in activation plot; the activation energy for Dz, 
does not differ appreciably from that for D at the 
same concentration. On the other hand, the De 
values behave with some abandon. Since each of 
the individual diffusion coefficients depends on ex- 
actly the same four measured quantities: D, dNz,/dx, 
v=2X,,/2t, and N;,, much of the difference in be- 
havior must be accounted as illusory. Because of 
the low fractional concentration of zinc, most of 
the difference Dz, — Do. appears as a difference be- 
tween D and Dua, little between D and D,,. The 
difference approaches D, leaving a very small “re- 
sidual” Du; and, between these two factors, a small 
error in D;, — Dj, becomes several hundred percent 
in Deu. Some smoothing of the data is obviously in 
order at this point. 

The quantity D,,, being apparently little affected 
by experimental errors, was read directly from the 
activation plots as drawn; this is the smoothed D,,. 
The difference D,,—D.. was next corrected by 
drawing a smooth function (Dz,.— De.) (c). Since 
Deu may be expected to approach D,,* (0), the self- 
diffusion coefficient of copper in pure copper, at low 
concentrations of zinc (otherwise the function 
Deu(e) would be discontinuous), an attempt was 
made to extrapolate these functions through points 
representing (Dz.—Deu*) (0) from the data of 
Maier and Nelson” as the most recent. The extrapo- 
lation succeeded and the curves. were drawn this 
way. This is, of course, the extrapolation attempted 
by Rhines and Mehl,* but in its improved form. The 
Rhines and Mehl extrapolation simply shows that 
the individual diffusion coefficients of several sol- 
utes in dilute solution in copper approach the same 
limiting value at zero concentration. 

From the (D,,—D..) (c) curves, it appears that 
some of the error is a more or less random error at 
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Fig. 18—General and individual diffusion coefficients ys con- 
centration, 855°C. 
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a given concentration. In view of the scatter in D 
values obtained, this is to be expected. But there 
appears to be a systematic error also; it appears 
that the velocity of shift taken from the plots of shift 
vs Matano area must be in error in two cases. In 
the case of the 10/20 couples where the difference is 
consistently low, the slope, shift vs Matano area, 
must be too low. Depending as it does in this case 
on two couples (see Fig. 13; an error in the direction 
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Fig. 19—General and individual diffusion coefficients vs con- 
centration, 915°C. 
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Table V. Computed Values of the Individual Diffusion Coefficients 


Raw Smoothed 
Cw, D, Dan; Dou, Dzn — Dou, Dzn, Deu, Dzn — Dou, 
Atomic Sq Cm per Sq Cm per Sq Cm per Sq Cm per Sq Cm per Sq Cm per Sq Cm per 
Couple Pct Zn Sec x 10-9 Sec x 10-® Sec x 10- Sec x 10-9 Sec x 10-® Sec x 10-° Sec x 10-9 
050 0.29 0.30 0.21 0.09 0.30 0.047 0.25 
025 0.31 0.32 0.22 0.09 0.32 0.050 0.27 
061 5.2 1.14 1.16 0.75 0.42 1.19 0.200 0.96 
037 1.15 17, 0.75 0.42 1.20 0.203 0.965 
030 2.80 2.85 1.83 1.02 2.92 0.550 2.37 
028 1.07 1.12 0.78 0.34 1.225 0.210 1.015 
059 1.15 1.23 0.70 0.53 1.315 0.225 1.09 
073 15.2 3.70 3.95 2.30 1.66 4.225 0.770 3.45 
027 3.75 3.98 2.46 1.52 4.2 0.780 3.48 
071 8.80 9.37 5.65 3.72 10.03 1.95 8.08 
033 0.66 0.735 0.12 0.62 0.730 0.126 0.605 
026 0.70 0.77 0.17 0.60 0.777 0.135 0.642 
056 12.0 2.35 2.62 0.40 2.22 2.60 0.490 2.11 
034 2.40 2.65 0.56 2.09 2.66 0.500 2.16 
057 5.75 6.28 1.91 4.36 6.35 1.32 5.03 
055 2.30 2.99 0.25 2.72 2.795 0.835 1.96 
039 5.30 6.30 2.36 3.94 6.35 2.20 4.15 
024 5.60 6.74 2.20 4.52 6.72 2.30 4.42 
066 25.3 16.0 18.8 7.6 11.1 19.1 6.90 12.2 
036 16.1 18.9 Tae 11.1 19.2 7.00 12.2 
038 16.1 18.8 8.1 10.6 19.2 7.00 12.2 
069 34.0 40.2 15.4 24.7 40.2 15.7 24.5 
029 3.30 3.92 1.20 2.72 3.95 1.05 2.90 
062 3.50 4.11 1.40 2.71 4.20 1.10 3.10 
064 22.5 10.3 12.3 3.55 8.70 12.3 3.50 8.78 
035 10.4 12.5 3.3 9.20 12.4 3.57 8.80 
053 16.0 19.0 5.8 13.1 19.0 5.70 13.3 
065 23.0 27.4 8.1 19.3 27.3 8.30 19.0 
031 2.40 2.87 0.57 2.30 2.87 0.57 2.30 
032 7.80 8.99 3.20 5.78 9.30 2.00 7.30 
043 20.5 12.4 14.8 3.20 11.6 14.75 3.20 11.55 
049 18.0 22.2 1.50 20.7 21.4 4.75 16.65 
of the deviation of couple 071 and in the center of originally drawn in the manner indicated previously. 
couple 027 must be present here), this is somewhat Later, a check was made to determine the curves 
surprising. In the 0/10 couples, where the differ- which would follow if the “least squares” line of 
ence is also low, the slope again must be too low; Fig. 15 were used, indicating a constant slope, shift 
here the needed correction is less and almost within vs Matano area, independent of time, temperature, 
the remaining band of uncertainty (see Fig. 14). or composition range within a given system 
It is interesting to note that the curves were (aCu— Zn). The resulting values, Dz, Dou, and 
v 
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Fig. 21—Activation behavior vs concentration for D,,,. Fig. 22—Activation behavior ys concentration for Do,. 
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Din — Dou, are practically indistinguishable from the 
values obtained by the foregoing smoothing process. 
It is felt that this is good indirect evidence that the 
da Silva-Mehl relationship: marker shift is a linear 
function of the Matano area, is independent of time, 
temperature, or concentration range in a given sys- 
tem. Furthermore, the foregoing smoothing process 
explicitly assumes that the individual diffusion co- 
efficients, D,, and Dc, follow an activation behavior 
—an assumption, but not an unlikely one. Using the 
least squares’ slope of Fig. 15, however, activation- 
behavior results and this is further evidence of the 
validity of the da Silva and Mehl relationship. 
Calculation of the Individual Mobilities B,, and 
By: Darken’s equations, solved for the individual 
mobilities in terms of the individual diffusion co- 
efficients, D,, and Do, the absolute temperature T, 
Boltzmann’s constant k, the fractional concentration 
Nz, Neu, and the activity coefficients y = a/n are 


Bon = Don/[kT {1 + Nin (d In yen/d Non) }]* 
Bou Deu/ [kT {1 No(d In You/ Nou) pallies 


The activity terms were evaluated from the data of 
Herbenar et al.;* these data differ little from those 
of Hargreaves,” used by most investigators, but ap- 
pear to be more self-consistent. 

The resulting mobilities as a function of concen- 
tration are plotted in Figs. 23 through 25 and an 
activation plot as Fig. 26. Activation energies as 
calculated are shown in Table VI. The difference 
between the activation energies for the mobilities 
must be the same as the difference between the 
activation energies for the individual diffusion co- 
efficients, since the equality, Dzn/Dou = Bm/ Bou, must 
be preserved. 


* These equations reduce to the Einstein relation, D=kTB, in 
an ideal solution. 


Discussion 

The General Diffusion Coefficient, D: Experimen- 
tally, the general diffusion coefficient D has been 
determined as a function of concentration and tem- 
perature from incremental diffusion couples in the 
a-brass system. The results depend, except for ex- 
perimental variables, only upon the Boltzmann- 
Matano solution to Fick’s law. 

The Boltzmann-Matano solution to Fick’s law ap- 
pears to yield results which are not in any way as 
much in error as might be expected. It is a little 
surprising that the results obtained at the end of 
the concentration range of a given couple correspond 
so well to those near the center of another couple. 
In particular, there appears to be no grounds for 
assuming, as LeClaire” has done, that determina- 
tions of D are suspect merely because a couple of 
large concentration range and the Boltzmann- 
Matano solution have been used; the results of 
Rhines and Mehl“ and da Silva and Mehl’ are closer 
to the present results, determined at least partly 
incrementally, than are those of Seith and Kraus.” 


Table VI. Observed Activation Energies, Q (Kcal) 


Atomic 


Pct Zn Q(D) Q(Dzn) Q(Deu) Q(Bzn) Q (Bou) 
40 44.5 38 42 
130 ag 39 43 37.4 41.5 
15.2 38 38 41 36.5 39.3 
20.5 36.5 36.5 39 35.5 37.5 
22.5 35.2 35.2 38 34 36.5 
25.2 32.5 32.5 36 32.0 35.7 
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There appears, then, to be no evidence that the 
function D(c) is not single-valued; the individual 
variation between couples is more than sufficient to 
account for previous equivocal results.“ This varia- 
tion is also sufficient to overshadow any second- 
order corrections, such as could be made by a change 
to weight per unit volume from atomic percent. 
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Fig. 23—The mobilities of zinc and copper ys concentration, 
780°C. 
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Fig. 24—The mobilities of zinc and copper ys concentration, 
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Fig. 25—The mobilities of zinc and copper vs concentration, 
915°C. 


No study of porosity in the reported couples was 
made and there are none in the literature known to 
the authors for other than 0/30 couples (in the a 
brasses). It can be assumed that the porosity would 
be less in any smaller-range couple (possibly pro- 
portional to the Matano area), but the question of 
how much less is unanswered at the present time. 
But because of this, and the apparent single-valued- 
ness of D as determined full range and incremen- 
tally, there is no discernible effect of porosity on the 
general diffusion coefficient. 

The present values of D(c, T) fall near the center 
of the range collected by Kubaschewski,” but differ 
in that the present investigation found that the 
activation energy decreases with increasing zinc 
content; the same result was found, to an even 
greater degree, by da Silva and Mehl.’ From in- 
vestigations of this type, with or without the low 
temperature determinations based on anelastic phe- 
nomena, little reliance can be placed on the D, val- 
ues. Similarly, the absolute accuracy of the values 
of D is indeterminate depending, as it does, on so 
many operations, particularly manual. 

The Individual Diffusion Coefficients, Dz, and Dox: 
Experimentally, the magnitude of the Kirkendall 
effect has been determined for six types of diffusion 
couples within the a-brass range. These results have 
been used, through Darken’s analysis, to yield values 
of the individual diffusion coefficients D,, and Dy. 
These values depend on experimental variables, on 
Darken’s analysis, and on two experimental rela- 
tions reported by da Silva and Mehl. 

The coincidence of the Matano interface and the 
original weld interface, experimentally observed by 
da Silva and Mehl, has been used to position the 
original interface in the couples studied here. The 
linear relation between the shift of a marker and 
the Matano area in a given type of couple, also ob- 
served by da Silva and Mehl, has been used to re- 
move experimental uncertainties in the amount of 
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Fig. 26—Activation behavior vs concentration for mobilities 
of zinc and copper. 


shift. These have been accepted as experimental 
facts, valid within the limit of accuracy of the 
techniques. The reader is referred to the original 
paper’ for a discussion of these; nothing in the pres- 
ent data appears to be at variance with their findings. 

There are unresolved doubts as to the assump- 
tions implicit in Darken’s analysis,” but, again, there 
does not appear to be any aspect of the present data 
which in itself casts doubt on the analysis. 

The presence of porosity affects the calculation of 
the marker shift when the shift is determined in the 
present fashion. Again, there are no available data 
to attempt to correct all shifts for this factor; even 
in 0/30 couples, there is some uncertainty as to the 
magnitude of the correction and the manner of its 
proper application and little information on varia- 
tion with temperature. The expected influence 
would be to increase the variation of D,, and Bz, 
with concentration. But it is felt that the accuracy 
inherent in the technique does not justify all such 
corrections even though they were available. 

There is one disturbing feature present. Once 
again scatter was observed in the concentrations at 
the wire interface; they varied by 0.5 atomic pet Zn 
in some cases. There is no evidence that this varying 
concentration at the wire (c,,) is a function of tem- 
perature. It is, on occasion, the same at high tem- 
peratures as at low but different at intermediate 
temperatures; the concentration at the Matano in- 
terface shows similar behavior. There is no evidence 
that this varying c,, is a function of time; the varia- 
tion with time at a given temperature and type of 
couple appears to be less than the general scatter. 
Yet, for a 0/30 couple, Smigelskas and Kirkendall'‘ 
found the wires marking about 22.0 atomic pct Zn; 
da Silva and Mehl’ found values scattered around 
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21.3 atomic pct Zn (they thought they detected a 
variation with temperature; Thomas and Birchenall” 
dispute this in the Cu-Ni system); and the wires 
were found in the present 0/30 couples scattered 
around 20.5 atomic pct Zn. In the penetration curves 
obtained by the present authors, the distance be- 
tween 20.5 and 22.0 atomic pct Zn at 780°C (Smigel- 
skas and Kirkendall worked at 785°C) and 400 hr 
elapsed time was about 200x10* cm, some 200 pet 
greater than the observed shift, the rate of which 
agrees with that of Smigelskas and Kirkendall with- 
in 12 pct. All that the present authors can say is 
that there is no apparent reason why the large dif- 
ference in concentration at the markers is observed. 


Summary and Conclusions 

1—The general diffusion coefficient D and the indi- 
vidual diffusion coefficients D,, and Dg, have been 
measured in a brass as functions of concentration 
and temperature using Darken’s analysis on data 
from incremental diffusion couples of overlapping 
range. The basic data were obtained directly from 
concentration-penetration curves using the Matano 
interface as the original interface. 

2—Experimentally, the coefficient relating marker 
shift to Matano area is a constant independent of 
time, temperature, and the concentration range of 
the diffusion couple in the foregoing system. 

3—Using the aforementioned diffusion coefficients 
and activity data from the literature, mobilities of 
zinc and copper were determined as functions of 
concentration and temperature. 

4—The diffusion coefficients and mobilities are 
single-valued functions of the concentration to 
within the limits of the experimental method. 

5—As expected, neither the individual diffusion 
coefficients nor the mobilities are simple functions 
of the concentration; they are all of the same form 
as the usual D vs c curve. 

6—The individual diffusion coefficient Do. ap- 
proaches the self-diffusion coefficient for copper 
D*~. (0) at low concentrations of zinc. 

7—Discrepancies were observed as to the concen- 
tration at which a marker is found; no solution was 
suggested. 
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Technical Note 


Energy Stored During Fatigue of Copper 


by L. M. Clarebrough, M. E. Hargreaves, A. K. Head, and G. W. West 


ECENTLY Welber and Webeler’ reported that 

during the annealing of fatigued copper no en- 
ergy was released, but that energy was absorbed in 
the range of temperature 250° to 400°C. In view of 
the fact that strain hardening occurs during the 
fatigue of copper, this result was surprising and it 
seemed desirable to check the measurements. This 
note describes measurements made by a different 
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technique which indicates that energy is stored 
during the fatigue of copper. 

Two test bars with gage length % in. in diameter 
and 6 in. long were machined from OFHC copper 
and annealed in vacuum for 1 hr at 600°C. These 
were fatigued to fracture in an Avery pulsator at a 
frequency of 2000 cycles per min. The first specimen 
fractured after 0.25x10° cycles under a push-pull 
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Table I. Stored Energy and Hardness Change in Fatigue and Tension 


Stored Dpn, Dpn, 
Energy, As-De- After 


Deformation Cal per G formed Annealing 


Fatigue, 0.25x106 cycles 0.04+0.01 
Fatigue, 6.0x10° cycles 49 
Tension, 30 pct reduction 

in area 0.0750.005 102 41 


stress of +11,200 psi and the second after 6x10" 
cycles under a stress of +9,000 psi. 

Three specimens 1% in. long, none including the 
zone of fracture, were machined from each bar for 
measurement of the stored energy by the differen- 
tial calorimetric method which has been described 
previously.”* The method involves heating two 
identical specimens, one deformed and one annealed, 
through the range of temperature in which the 
stored energy is released, under conditions which 
virtually eliminate any transfer of heat between the 
specimens or to their surroundings. The specimens 
are heated at a constant rate (6°C per min) and the 
difference in the electrical powers required to heat 
the specimens is observed continuously by means of 
a differential wattmeter. The curve of power differ- 
ence, AP, as a function of time (or temperature) 
shows the manner of release of the energy as the 
temperature is increased. After all the stored en- 
ergy has been released, the apparatus is allowed to 
cool and a second heating made to obtain a second 
curve as a base line. The total stored energy is cal- 
culated from the area between the two curves. 

A typical curve of power difference, AP, for a 
specimen of fatigued copper is shown in Fig. 1 anda 
AP curve for a specimen of the same material de- 
formed 30 pct in tension is given for comparison. 
In this diagram, the positive sign of AP represents 
release of energy from the deformed specimen. The 
average values of total stored energy obtained and 
the decreases in hardness accompanying the release 
of energy are shown in Table I. 

It is clear from Fig. 1 and Table I that energy is 
released during the annealing of fatigued copper. 
The shape of the AP curves for the fatigued speci- 
mens is markedly different to that for specimens de- 
formed in tension. For the fatigued specimens, the 
stored energy is released over a range of tempera- 
ture of 210°C (between 220° and 430°C) while the 
corresponding range of temperature for specimens 
deformed in tension is only 60°C (270° to 330°C). 

No evidence of recrystallization was found by mi- 
croscopic examination of the fatigued specimens be- 
fore and after the release of energy. In contrast to 
this, the sharp peak observed in the AP curve for 
specimens deformed in tension has been shown to 
coincide with recrystallization,”*° For undirectional 
deformation, irrespective of whether the method is 
tension, compression, or torsion, this sharp peak is 
always observed and found to coincide with recrys- 
tallization. It appears that some mechanism other 
than normal recrystallization is responsible for the 
gradual release of energy from fatigued copper. 

The results of the present experiments therefore 
are contrary to those of Welber and Webeler al- 
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though the methods of stressing used are probably 
comparable. The frequencies are the same; further, 
in the authors’ experience,** it is likely that an an- 
nealed copper specimen would creep under the ini- 
tial fluctuating tensile stress of 1000 to 20,000 psi 
used by Welber and Webeler and in a machine of 
the constant displacement type, as used by them, the 
mean stress thus would be reduced almost to zero. 
The resulting range of stress would be approxi- 
mately +9500 psi, which lies between the ranges 
used in the present experiments. Thus, any differ- 
ence in the results due to the method of stressing 
would be such that an extra quantity of stored 
energy due to the deformation in creep would be 
expected in the results of Welber and Webeler. 

Therefore, the marked discrepancy between the 
present results and those obtained by Welber and 
Webeler is due probably to differences in the tech- 
niques used for the measurement of the stored en- 
ergy. For example, with a method such as that of 
Welber and Webeler in which a single specimen is 
used, serious errors may arise if the thermal resis- 
tance between the specimen and the element heating 
it is not the same at corresponding stages of the first 
and second heatings. Such errors would be difficult 
to detect and might escape notice. Changes in ther- 
mal resistance of this nature have been detected 
with the present differential technique but, if they 
are the same for both specimens, the resulting error 
is negligible whereas, if they are different, they are 
always detected and the result is rejected. 

The authors’ results indicate that energy is stored 
during fatigue of copper, as would be expected from 
the fact that strain hardening accompanies fatigue 
and from current conceptions of the nature of fa- 
tigue. The amount of energy stored and the change 
in hardness during fatigue are of the same order as 
those observed for specimens deformed by 30 pct 
in tension. 
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Titanium-Lead System 


by Paul Farrar and Harold Margolin 


The Ti-Pb diagram was investigated in the region 0 to 58 pct Pb and from 500°C 
to liquidus temperatures. Three reactions were encountered: 1—S—o-+Ti,Pb at 
725+10°C; 2—6+L—Ti,Pb at 1305+10°C; and 3—the possible eutectic L—>Ti,Pb 


and y between 1200° and 1300°C. 


| alloys have been investigated by 
Nowotny and Pesl,* who used sintered compacts 
and studied the region from 37.5 to 100 pct Pb by 
X-ray diffraction analysis. The only phase found in 
addition to titanium and lead was the hexagonal com- 
pound Ti,Pb. Alloy systems of lead with metals of 
the transition group, such as iron, chromium, tung- 
sten, cobalt, nickel, or manganese, generally show 
little liquid or solid solubility.” Craighead et al.,° 
however, indicated that lead is soluble in a and B 
titanium to at least 2.1 pct. They also found that 
approximately 50 pct of the lead added was lost 
during the arc-melting of Ti-Pb alloys. In the pres- 
ent investigation, arc-melting also was used to pre- 
pare Ti-Pb alloys and similarly large lead losses 
were encountered. 


Experimental Procedure 

Alloy Preparation: Considerable difficulty was en- 
countered in the melting of the Ti-Pb alloys and a 
number of experiments were performed before the 
method described was developed. Alternate layers 
of lead and titanium were wrapped with titanium 
sheet and compacted. This “sandwich” was an- 
nealed at 300° to 350°C and was melted according 
to the procedure described by Cadoff and Nielsen.* 
Using a low current, 150 amp, and an argon atmos- 
phere, four to eight 10 to 20 sec melts were made on 
each alloy, with the button being turned over be- 
tween each melt to insure homogeneity. In the high 
lead range, the preliminary sintering was found to 
be of doubtful value and was eliminated. In the 
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Table |. Analysis and Melting Point Data for the Ti-Pb System 
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Pct Pb 
Caleu- 


nal lated by Melting Data, °C 


Pct Weight Pct Pb Pct Pb 
Pb Loss Analyzed Plotted Solidus Liquidus 
0 — — 0 1665 
1 0.85 0.87 0.87 — a 
2 1.50 1.70 1.70 — = 
7 1.69 2.95 2.95 — — 
5) 2.59 3.93 3.93 
9 4.14 5.04 5.04 —_— _ 
11 5.14 5.26 5.26 1635 1650 
13 6.48 6.62 6.62 — _— 
21 6.95 8.28 8.28 — — 
25 13.3 13:3 13.3 1565 1595 
28 15.2 15.3 15.3 
30 16.0 16.0* 
36 17.1 16.8 to 17.5 17.2 — — 
42 22.5 22.5* — 
44 26.0 26.0 26.0 
46 32.7 30.4 to 34.3 33.0 — — 
50 35.9 36.3 36.3 1400 1457 
48 37.8 37.9 37.9 
54 40.5 40.5* 
58 40.9 40.7 to 41.9 41.5 — — 
62 ay 45.0 45.0 1305 1385 
66 aS 47.5 to 50.1 48.7 1305 1355 
70 54.6 54.6 — 
68 zs 55.6 to 61 58.0 = — 


* Where no analysis was available, the point plotted was that in- 


dicated by weight loss. 
** A lead covering was removed from these alloys; therefore, 
weight loss data is meaningless, 


region above the nominal composition of 70 wt pct 
Pb, the alloys prepared in this manner always con- 
solidated into two phases. The outside appeared to 
be composed entirely of lead and the inside was a 
Ti-Pb alloy. In order to determine whether this 
phenomenon was caused by a miscibility gap, master 
alloys with a nominal composition of 40 wt pct Pb 
were machined and mixed with various percentages 
of lead sheet. This mixture was compacted and 
melted in the same manner as the other alloys. 
Although these alloys were not homogeneous, 
they did not show the layering that was observed 
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Fig. 1—lodide titanium-lead phase diagram. 


in the sheet compacts. This seemed to indicate that 
the layering effect was not caused by a miscibility 
gap, but rather by the method of charge preparation. 

A total of 91 alloys were made using the sandwich 
method, and 23 of the alloys were homogeneous 
enough to be used in the delineation of the diagrara. 
Iodide titanium and high purity lead were used in 
the preparation of these alloys. Table I gives the 
variation of weight loss with nominal and analyzed* 


* The analytical data presented were obtained by Lucius Pitkin 


composition. In general, the percentage of lead loss 
decreased at high lead contents, while the spread of 
lead content in different portions of the button in- 
creased. 


Heat Treatment: Alloys containing up to 13 wt 
pet Pb were hot rolled at 750°C prior to heat treat- 
ment. The times of heat treatments are given in 
Table II. 

It is believed that equilibrium was attained in all 
of the alloys annealed above the eutectoid horizontal, 
but below this temperature equilibrium was not 
reached in all cases. Although it was approached 
and probably reached in the low alloy region of the 
600° to 725°C treatments, it was not reached in the 
500°C treatment. 

The method of heat treatment used for tempera- 
tures up to and including 1200°C was that described 
by Cadoff and Nielsen.* For heat treatments above 
1200°C, the melting-point apparatus described by 


‘Cadoff and Nielsen was modified by the insertion of 


a l in. thick bakelite ring between the Vycor plate 
and the copper container. The lavite radiation 
shield was not used. Thermocouple leads were 
passed through the bakelite ring, and the holes 
around the leads were sealed with De Khotinsky ce- 
ment. The thermocouple was attached to a single- 
point controller which selected either a high or low 
power circuit. The tip of the thermocouple was 
placed in contact with the specimen, which rested 
on a molybdenum heater that was modified slightly 
to give greater areas of contact with the specimen 
than the heaters used by Cadoff and Nielsen. By 
this method, the temperature was controlled to 
wathine== 

There was no apparent loss of lead through va- 
porization until a temperature just below the melt- 
ing point of the alloy was reached. Vaporization of 
lead made it impossible to determine the melting 
point of the alloys by means of the optical pyro- 
meter. Therefore, the same apparatus which was used 
for the high temperature heat treatments was used 
to determine the melting points. The temperature 
of the specimen was slowly raised until a rounding 
of the corners of the specimen was observed. This 
temperature was recorded as the solidus tempera- 
ture and the temperature at which the alloy flowed 
freely was taken as the liquidus temperature. By 
this method, the melting points of the alloy were ob- 
tained to within +10°C. This represents the aver- 
age of at least two determinations for each point. 


Fig. 2—3.93 pct Pb alloy, annealed 24 hr at 
875°C, water quenched. a islands (white) + 
Ti,Pb precipitate (biack) in transformed B 
matrix. “A” etch. X130. Area reduced ap- 
proximately 15 pct for reproduction. 


for reproduction. 
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Fig. 3—40.5 pct Pb alloy, annealed 1 hr at 
1100°C, 1 hr at 700°C, water quenched. 
Isothermal a matrix-+-Ti,Pb. “A” etch for 3 
sec, HNO, etch for 8 sec. Electrolytically 
stained, “HG” electrolyte. 
X750. Area reduced approximately 15 pct 


Fig. 4—40.5 pct Pb alloy, annealed for 2 hr 
at 1100°C, water quenched. 8 matrix (no 
transformation visible) +-Ti,Pb. “A” etch for 
3 sec, HNO, etch for 8 sec. Electrolytically 
stained, “HG” electrolyte. Oblique light. 
X750. Area reduced approximately 15 pct 
for reproduction. 


Oblique light. 
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Fig. 5—36.3 pct Pb alloy, annealed for 48 hr 
at 850°C, water quenched. Ti,Pb in 8 matrix. 
No etch. X130. Area reduced approximately 
15 pet for reproduction. 


The average melting points are given in Table I. 

Metallography: Specimens were prepared for 
metallographic examination by electrolytic polish- 
ing and were etched with a 25:25:50 HNO,:HF:glyc- 
erine mixture (Remington A-etch) for low lead 
alloys or with 50:50 HNO;:H.O etch for high lead 
alloys. To increase contrast between Ti,Pb and 
other phases, the stain-etching procedure of Ence 
and Margolin’ was used also. 


The Ti-Pb Diagram 

The Ti-Pb diagram is shown in Fig. 1. The por- 
tion of the diagram delineated shows three distinct 
features: 1—the eutectoid reaction by which 8 de- 
composes into a and Ti,Pb; 2—the peritectic reaction 
8B+L—Ti,Pb; and 3—the possible eutectic decompo- 
sition of liquid into Ti,Pb and y. 

The eutectoid horizontal lies between 700° and 
750°C and probably close to 725°+10°C. The micro- 
structures of various alloys between 15 and 25 wt 
pet Pb were used in an attempt to locate the eutec- 
toid temperature. Microstructures of the 750°C an- 
neal showed a, transformed £, and Ti,Pb*, similar to 


* The TisPb probably formed on quenching. This appears likely, 

since the a phase could not be obtained free of TisPb regardless 
of the temperature in the q@ field from which the alloys were 
quenched. To see TisPb in the isothermal a of Fig. 2, a considerably 
higher magnification would be required. 
Fig. 2. The 700°C treatment of these alloys showed 
equiaxed a and Ti,Pb, whereas the 725°C anneal 
showed structures which could be interpreted as 
three-phase a, 6, and Ti,Pb. The fact that micro- 
structures produced by annealing at 725°C showed 
a+ indicated that the eutectoid temperature was 
not above 725°C. It is not certain from the micro- 
structures whether the Ti,Pb formed at 725°C or 
during quenching. If the Ti,Pb formed during the 
anneal, this would be an indication of oscillation 
above and below the eutectoid temperature and 
hence would fix the temperature at 725+10°C. 

Additional evidence that the eutectoid tempera- 
ture was above 700°C was obtained by heat treating 
specimens at 1100°C for 1 hr, then quenching into a 
lead bath at 700°C and holding at this temperature 
for 1 hr before water quenching. The results of this 
test can be seen by comparing the microstructures of 
Figs. 3 and 4. Fig. 3 shows a 40.5 pet Pb alloy heat 
-treated in the foregoing manner. Fig. 4 shows a 
40.5 pct Pb alloy heat treated at 1100°C for 2 hr and 
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Fig. 6—48.7 pct Pb alloy, annealed for 1 hr 
at 1200°C, water quenched. 6 matrix-+-Ti,Pb. 
HNO, etch. X300. Area reduced approxi- 
mately 15 pct for reproduction. 


Fig. 7—48.7 pct Pb alloy, annealed for 168 
hr at 700°C, water quenched. 6 (white) + 
Ti,Pb (gray) + y (dark). HNO, etch. Elec- 
trolytically stained, “HG” electrolyte. X600. 
Area reduced approximately 15 pct for re- 
production. 


water quenched. In Fig. 4, the matrix shows no 
transformation structure,** while in Fig. 3 the ma- 


** Beta containing 35 pct Pb or more is retained on quenching. 


trix appears completely transformed. From this, it 
can be seen that the transformation must have taken 
place isothermally at 700°C, and therefore this tem- 
perature is below the eutectoid horizontal. 

The eutectoid composition was placed at 26 pct 
Pb, although this was not definitely established. 
From the data available, it would be possible to lo- 
cate the eutectoid composition in the range 25 to 28 
pet Pb. However, the 26 pct Pb alloy heat treated 
at 775°C was nearly all 6; but in separate parts of 
the specimen, it revealed either a and B or 6 and 
Ti,Pb, the a and Ti,Pb not being found together. The 
chemical analysis of two portions of the alloy indi- 
cated the same composition, 26 pct Pb. Because 
large samples were necessary, the local inhomoge- 
neities observed under the microscope were not de- 
tectable by chemical analysis. The microstructure 
of the alloy suggested that the composition of 26 pct 
Pb lay about midway between the «+ and B+Ti,Pb 
phase fields at 775°C and consequently was the 
eutectoid composition. 

The maximum solubility of lead in a is 16+0.5 wt 
pet Pb and was determined from the intersection of 
the a transus with the eutectoid horizontal. The a 
solvus is not well defined because of the rapid pre- 
cipitation of small amounts of Ti,Pb from a on 
quenching. Since Ti,Pb is found in all of the a al- 
loys, a marked decrease in solubility of lead is indi- 


Table Il. Times of Heat Treatment 
Temperature, °C Time 
1500 4 min 
1300 20 min 
1200 1 hr 
1100 2hr 
1025 8 hr 
950 16 hr 
875 24 hr 
850 24 to 68 hr 
825 120 hr 
800 72 hr 
775 168 hr 
750 168 hr 
725 168 hr 
700 168 hr 
600 336 hr 
500 404 hr 
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Table Ill. X-ray Diffraction Pattern of Ti,Pb.* 
a=5.96,, c=4.81,, c/a=—0.807, 


d, Observed A, 


Estimated d, Observed A, Nowotny d, Cal- 
Plane Intensity This Report and Pes’ culated A 

100 0.05 5.16 5.211 5.163 
101 0.3 3.514 3.530 3.521 
110 0.1 2.978 2.976 2.981 
200 0.1 2.576 2.583 2.582 
002 3 2.394 2.415 2.407 
201 1 2.271 2.274 2.275 
102 0.1 2.189 2.181 
120 0.01 1.949 1.955 1.952 
112 0.2 1.867 1.879 1.872 
121 0.15 1.808 1.809 1.808 
202 0.2 1.758 1.764 1.761 
300 0.01 1.718 1.726 1.721 
103 0.1 1.530 1.538 1,532 
122 0.05 1.518 1.518 1.516 
220 0.1 1.490 1.491 1.491 
310 1.434 1.432 
302 0.08 1.398 1.403 1.400 
311 0.02 1.372 1.374 oie 
203 0.2 1.360 1.367 1.362 
400 0.01 1.290 1.292 1.291 
222 0.15 1.266 1.270 1.267 
401 0.07 1.246 1.246 1.247 
213 0.07 1,239 — 1.239 
312 1,232 1.230 
004 0.1 1.199 1.208 1.204 
104 0.01 1.169 — 1.172 
321 0.05 1750 1.150 
402 0.02 1.135 1.140 
410 0.01 1.127 1.127 1.127 
114 0.1 1145 1.119 1.116 
204 0.1 1.089 1.097 1.090 
313 — — 1.071 1.087 
322 0.1 1.068 1.062 1.063 
124 0.07 1.021 1.022 ‘ Lee 
501 d 
403 } 0.1 1.007 1.009 1 1006 
412 0.03 1.004 — 1.002 
304 0.01 0.9865 0.9892 0.9863 
420 0.01 0.9760 0.9775 0.9738 
005 0.15 0.9637 — 0.9628 
421 — —_— 0.9569 0.9545 
105 0.01 0.9469 0.9498 0.9465 
224 0.2 0.9370 0.9392 0.9341 


* Sample pattern: 54.6 wt pct Pb, annealed 48 hr at 850°C, water 
quenched. This alloy also contains y. 


cated. The a solvus, as shown in the diagram of Fig. 
1, was determined by the appearance of larger 
amounts of Ti,Pb at the grain boundaries than was 
noticed in alloys quenched from the a field. This 
procedure can be regarded as yielding only an ap- 
proximate location of the a transus. 

Figs. 5 and 6 are typical 8+Ti,Pb microstructures. 
None of the alloys prepared showed entirely Ti,Pb. 
Microstructures of alloys containing within 3 wt pct 
of either side of Ti,Pb (51.9 pct Pb) show consid- 
erable amounts of 8 or y; see, for example, the mi- 
crostructure of a 48.7 pct Pb alloy of Fig. 6. The 
solubility range of Ti,Pb therefore is quite small. 

The maximum solubility of lead in 8 was deter- 
mined by heat treating an alloy of 45 wt pct Pb at 
1300+5°C for 20 min and then quenching. This 
alloy consisted principally of 8 with very small 
amounts of liquid and Ti,Pb, thus indicating that 
45 pct Pb is the limit of solubility in £. 

The above heat treatment also located the peritec- 
tic horizontal at 1300°C. The average of the melting 
points of several specimens of the 45 and 48.7 pct 
Pb alloys placed the peritectic temperature at 

The solidus and liquidus phase boundaries indi- 
cate a very narrow liquid plus § region. This was 
substantiated by the fact that coring could not be 
detected in the as-cast alloys. The melting point of 
iodide titanium was also determined with the ap- 
paratus described earlier. The temperature obtained 
was 1665+10°C, which compares well with the value 
of 1660+10°C obtained by Schofield and Bacon.° 

The y phase may enter into eutectic reaction with 
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Ti.Pb between 1200° and 1300°C, though the possi- 
bility of a peritectic reaction cannot be discarded. 
Microstructure data obtained from the as-cast alloys 
tend to support the eutectic. The three phases, 8, © 
Ti:Pb, and y, are shown in Fig. 7 after a heat treat- 
ment at 700°C. The anneal has not eliminated the 
as-cast structure. The y phase may either be Ti,Pb 
(59 wt pet Pb) or Ti,Pb (68.3 wt pct Pb), although 
the latter composition seems more likely. 


X-ray Diffraction 

Diffraction data for Ti,Pb was obtained from 
alloys which contained Ti,Pb and a second phase, a, 
8, or y. The d-values reported for this compound in 
Table III agree well with the data of Nowotny and 
Pesl,’ the c/a value being 0.808 and a = 5.962A. It 
should be pointed out that, since Ti,Pb is a type Do. 
hexagonal compound belonging to the same space 
group as a-titanium with a c/a ratio almost 4% that 
of a-titanium, coincidence of a number of Ti,Pb 
lines with those of a take place. Consequently, unless 
considerable amounts of Ti,Pb are present, it is not 
possible to detect the compound in the presence of a. 

The y phase could not be identified as to lattice 
type because insufficient amounts of this phase were 
present in the alloys used for X-ray patterns. How- 
ever, from these patterns it could be seen that y is 
not lead. 

Summary 

The Ti-Pb diagram was investigated in the region 
from 0 to 58 wt pct Pb. The diagram is characterized 
by three reactions: 1—the eutectoid decomposition 
of 8 into a and TuPb at 725+10°C; 2—the peritectic 
reaction 8 +L > Ti,Pb at 1305+10°C; and 3—the 
possible eutectic decomposition of liquid into Ti,Pb 
and y between 1200° and 1300°C. The eutectoid 
composition is placed at 26 wt pct Pb and the maxi- 
mum solubility of lead in a-titanium is 16+0.5 pct at 
the eutectoid temperature. The maximum solubility 
of lead in 8-titanium at the peritectic temperature 
is 45 pct. Melting-point data show that the liquid- 
solid region is quite narrow and that iodide titanium 
melts at 1665+10°C. 
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Effect of Alpha Solutes on the Heat-Treatment Response 
Of Ti-Mn Alloys 


by H. R. Ogden, F. C. Holden, and R. |. Jaffee 


Alpha solutes increase the strengths of Ti-Mn alloys through solid-solution 
strengthening. The substitutional a addition, aluminum, decreases, and the inter- 
stitial solutes, carbon and nitrogen, increase the rate of nucleation and growth of a 
from 8. The best combinations of properties of a-G alloys are obtained when there is a 
sufficient quantity of a phase in the structure to dissolve the a solutes. 


O* the many different titanium-base alloy sys- 
tems, the predominant alloy type is the a-8 
alloy. The properties of the a-8 alloys are dependent 
on solid-solution strengthening and heat-treatment 
effects involving the a-8 ratio and transformation 
reactions. Another variable which influences the me- 
chanical properties of a-8 alloys is the a-stabilizer 
content of the alloy. An a solute may be present as 
an intentional addition, such as aluminum, or as an 
impurity element, such as carbon, oxygen, or nitro- 
gen. It is known that these a stabilizers, when added 
to titanium, form single-phase alloys which are not 
heat treatable but which obtain their strength from 
solid-solution strengthening.“ Thus, it would be ex- 
pected that a additions to a-8 alloys would increase 
the strength of the alloys by solid-solution strength- 
ening of the a phase. In addition, they would affect 
the transformation kinetics of the 8-to-a reactions 
and other processes based on the instability of the 8 
phase. 

The effects of heat treatment and structure on the 
mechanical properties of Ti-Mn alloys have been 
shown in a previous paper.’ This system offers a good 
base to demonstrate the effects of typical a solutes 
on the properties of a- alloys. The three a solutes 
described in this work are aluminum, representative 
of a substitutional a solute, nitrogen, representative 
of an interstitial a solute, and carbon, representative 
of an interstitial compound-forming element. The 
effects of heat treatment and microstructure on the 
properties of a alloys containing these three ele- 
ments are described in concurrent publications.* * 
Some of these data are used for base-line points in 
several of the curves used for illustration herein. 


Experimental Procedures 

Iodide titanium was used as the base for all of the 
alloys studied in this work. The alloys were pre- 
pared as % lb ingots by double arc melting in an 
argon atmosphere. The ingots were forged to %4 in. 
rounds, vacuum annealed for 6 hr at 900°C at a 
pressure of 10“ to 10° mm of Hg to remove hydro- 
gen, and hot swaged to %4 in. diam rod. After me- 
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Table |, Compositions and Fabrication Temperatures of Alloys 
Used in this Investigation 


Forg- Swag- 

Composition, Pct ing ing 

Tem- Tem- 

Intended Analyzed pera- pera- 
ture, ture 

Mn Cc Al Mn N Cc Al °C °C 

3.27 0.1 2.68 0.072 — 875 750 
6 0.1 —_— — 5.63 0.11 — — 875 750 
— 17.92 0.073 — 875 750 
3 — 0.1 — 2.87 0.004 0.06 a 815 750 
6 — 0.1 — 5.34 0.004 0.09 — 875 750 
9 — 01 —  8.73.,-0.005 0.11 — 875 750 
3 —_— — 2.5 2.75 ~ 0.007 — 2.42 875 750 
6 — 5.91 0.064 2.43 875 750 
9 _— — 25 8.88 0.005 —- 2.46 980 750 


chanical descaling, test specimens were prepared for 
heat treatment. The alloys used in this study to- 
gether with the fabrication temperatures are given 
in Table I. 

Heat treatments were done in argon. For the most 
part, the specimens were sealed in Vycor capsules 
under a partial pressure of argon. Quenching was 
accomplished by breaking the capsule under water. 
Other cooling methods used included oil quench, 
argon cool (simulated air cool in an argon atmos- 
phere), and furnace cool. The times for the various 
heat-treating temperatures are given in Table II. 

The tests performed on the alloys consisted of 
tensile tests on % in. diam specimens, hardness 
tests, and microimpact tests. Specimen sizes have 
been adequately described in a previous publication.° 

The micrographs presented in this paper were 
taken from specimens cut from the shoulders of 
broken tensile specimens. Final polishing was done 
with Linde B on a slow-speed wheel, and the speci- 
mens were etched with a 14% HF — 3% HNO, 
solution. 


Ti-N-Mn Alloys 

The transformation diagram and microstructures 
of the Ti-0.1 pet N-Mn alloys used in this investiga- 
tion are given in Fig. 1. The effect of small nitrogen, 
additions on the binary Ti-Mn diagram is to raise 
the 6-transus temperature with little effect on the a3 
solubility of manganese. Also, as has been noted: 
previously,’ high manganese-content alloys contain+ 
ing nitrogen, when quenched from temperatures 
high in the £ field, contain a subgrain boundary 
phase which appears to be nitrogen-rich a. Marten- 
site is formed when alloys containing less than about 
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Temperature, C 


1@) 2 4 6 8 
Manganese, per cent 


* X phase appears to be small alpha 
particles occuring at sub grain boundaries 
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Fig. 2—Mechanical properties of Ti-N-Mn alloys quenched from the 
annealing temperature. *In graph, right, structure consists of equi- 
axed § plus veining of a. 


Table Il. Times and Temperatures Used for Heat Treatment 


of Alloys 
Time, Hr Temperature, °C 
48 650 
16 750 
8 800 or 810 
4 850 or 860 
2 
1 950 


5.6 pet Mn are quenched from above about 800°C. 
The Ti-0.11 pct N-5.63 pet Mn alloy is close to the 
minimum manganese content at which 6 can be 
completely retained by quenching. Only a few mar- 
tensite needles are seen in the structure of this alloy. 
Annealing these alloys below the 6 transus and 
above 800°C produces structures containing a plus 
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Fig. 1—Transus diagram showing 

quenching temperatures studied 

~ and microstructures of Ti-0.1 pct 

=. N-Mn alloys. X250. Area reduced 

approximately 25 pct for repro- 
duction. 


martensite plus 8. Annealing below 800°C and below 
the 6 transus after fabrication in the a-8 field pro- 
duces equiaxed a-§ structures having an a-8 ratio 
dependent on the heat-treating temperature. 

As was found for the binary Ti-Mn alloys, the 
properties of the Ti-N-Mn alloys are influenced by 
the quantities and compositions of the two phases 
present in the structure when quenched from the 
a~B field. This is illustrated by the data in Fig. 2, 
where it is shown that the strength of a given alloy 
increases with increasing quenching temperature. 
Two discontinuities are apparent, however. One is 
the Ti-0.072 pet N-2.68 pet Mn alloy quenched from 
800°C, and the other is the Ti-0.073 pct N-7.92 pct 
Mn alloy quenched from 800°C. The Ti-0.072 pct 
N-2.68 pct Mn alloy quenched from 800°C has an 
a-§8 structure as compared to an a-martensite or mar- 
tensite structure when quenched from above 800°C. 
The 6 phase in the 800°C quenched sample is of a 
composition where coherency hardening takes place 
on quenching, causing formation of 6’. The highest 
strengths obtained for the Ti-0.073 pct N-7.92 pet Mn 
alloy occurred when the structure was all 6 phase. 
This occurs when the quenching temperature is 
about 800° or 950°C. The presence of the subgrain 
a that is found in this alloy quenched from 850° or 
900°C causes a reduction in strength probably as a 
result of reduction of the interstitial content of the 
B phase. The best ductilities are found when these 
alloys are annealed in the a-8 field. The 8 phase in 
the Ti-0.11 pct N-5.63 pct Mn alloy quenched from 
the 6 field is hard and brittle, indicating 6’ formation. 

The toughness of Ti-N-Mn alloys generally de- 
creases as the quantity of 6 in the structure is in- 
creased, as shown in Fig. 3. The transition tempera- 
tures for the Ti-0.11 pet N-5.63 pct Mn and Ti-0.073 
pet N-7.92 pct Mn alloys increase with increasing 
quenching temperature except that the Ti-0.073 pct 
N-7.92 pet Mn alloy quenched from 850°C has a 
lower transition temperature than the same alloy 
quenched from 800°C. This again indicates that the 
formation of the subgrain boundary phase reduces 
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the brittleness of the 8 phase. The formation of mar- 
tensite in the Ti-0.072 pct N-2.68 pct Mn alloy de- 
creases the transition temperature from that found 
for the 800°C quenched condition. 


Ti-C-Mn Alloys 

The transformation diagram and microstructures 
of the Ti-0.1 pct C-Mn alloys used in this investiga- 
tion are given in Fig. 4. Carbon, in addition to rais- 
in the 8-transus temperature, also introduces 
carbide and a-f-carbide fields in the ternary Ti-C- 
Mn system. Alloys containing less than about 5.4 pct 
Mn transform, at least partially, to martensite on 
quenching from above 800°C. The alloy containing 
5.34 pet Mn contains a small quantity of martensite 
when quenched from the £ field. 

The effect of heat treatment and structure on the 
properties of Ti-0.1 pct C-Mn alloys, as shown in 
Fig. 5, is similar to that for the Ti-0.1 pct N-Mn 
alloys. Increasing the quantity of @ phase in the 
structure causes marked increases in strength with 
little loss in ductility until the structure is composed 
of 8 phase, martensite, or 8 plus martensite. The 
high strength of the Ti-0.06 pct C-2.87 pct Mn alloy 
quenched from 810°C can be attributed to the alloy 
content of the 8 phase in that condition. The 6 phase 
is of such a composition that, even though some 
martensite is formed on quenching, the remaining 6 
probably goes to coherency-hardened £’. This is the 
same effect noted in the Ti-0.1 pct N-2.68 pct Mn 
alloy. The £ phase obtained by quenching the Ti- 
0.09 pct C-5.34 pct Mn alloy from the f-carbide field 
is hard and brittle. High strengths with some ductil- 
ity are obtained in the Ti-0.11 pct C-8.73 pct Mn 
alloy quenched from the £-carbide field. However, 
the presence of a obtained by annealing in the a-B- 
carbide field reduces the strength considerably with 
a corresponding increase in ductility. 

The toughness of these alloys can be directly re- 
lated to the quantity of a phase in the microstruc- 
ture. The toughness increases as the quenching tem- 
perature is decreased, as shown in Fig. 6. Quenching 


from the £-carbide field results in very low impact 
resistance. 
Ti-Al-Mn Alloys 

The transformation diagram and microstructures 
of the Ti-2.5 pet Al-Mn alloys used in this investiga- 
tion are given in Fig. 7. Aluminum, like nitrogen, 
raises the ®-transus temperature with little effect on 
the a solubility of manganese. No subgrain-boundary 
phase has been noted in this system. The equilibrium 
B phase transforms, at least partially, to martensite 
when alloys containing up through 5.91 pct Mn are 
quenched from about 800°C. 

The properties of the Ti-2.5 pet Al-Mn alloys can 
be altered by heat treatment, but they are not as 
dependent on the a-8 ratio as are the binary Ti-Mn 
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and ternary Ti-N-Mn alloys. Rather, the formation 
of martensite has a much more potent effect on the 
properties. This is shown by the data in Fig. 8. Some 
increase in strength is obtained with little change 
in ductility when the Ti-2.42 pct Al-2.75 Mn and 
Ti-2.43 pet Al-5.91 pct Mn alloys are quenched from 
800°C, as compared to 650° or 750°C. However, 
quenching from the £ field or from above about 
800°C causes a marked increase in strength with a 
corresponding loss in tensile ductility. Quenching 
the Ti-2.43 pet Al-5.91 pct Mn alloy from the £ field 
produces a structure consisting of martensite and re- 
tained £. As discussed later, the 8 phase of this com- 
position is mechanically unstable and transforms to 
martensite during straining, which gives rise to the 
large spread between the yield strength and the 
ultimate strength. The same mechanical instability 
of the 6 phase occurs in the Ti-2.42 pct Al-2.75 pct 
Mn alloy quenched from 850°C, but to a much less 
pronounced degree because of the smaller quantity 
of 8 phase present. The composition of the 8 phase 
in this alloy quenched from 850°C probably has a 
manganese content of about 6 pct. 
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Fig. 5—Mechanical properties of Ti-C-Mn alloys quenched from the 
annealing temperature. 
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The strength of the Ti-2.46 pct Al-8.88 pct Mn 
alloy is relatively unaffected by altering the anneal- 
ing temperature from 650° to 800°C. The tensile 
ductilities, however, are markedly affected by an- 
nealing temperature and microstructure. The pres- 
ence of massive a formed by annealing at 750°C 
results in high ductilities, while the presence of a 
very small amount of a formed by annealing at 
800°C results in low ductilities. The relatively fine a 
that forms by annealing at 650°C results in low re- 
duction in area, but good elongation values. 

The toughness of the low manganese-content 
Ti-2.5 pct Al-Mn alloys, as shown in Fig. 9, is not so 
dependent on the a-f ratio as is the case with Ti-N- 
Mn alloys, although, as a general tendency, tough- 
ness increases as the quantity of a in the structure of 
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the alloy is increased. Unlike the Ti-0.1 pct N-2.68 
pet Mn alloy, the Ti-2.42 pct Al-2.75 pct Mn alloy has 
the lowest impact resistance when the structure is 
all martensite. Transition behavior occurs in the 
Ti-2.46 pct Al-8.88 pct Mn alloy because of the high 
percentage of @ phase in this alloy. The lowest trans- 
ition temperature occurs for the 750°C quenched 
condition, which is also the condition which had the 
highest reduction in area in tension. 


Solid-Solution Effects 


In a system containing a @ stabilizer and an a 
stabilizer, it would be expected that the a stabilizer 
would partition to and strengthen the a phase, and 
the 8 stabilizer would partition to and strengthen 
the 8 phase. Thus, by control of the quantities and 
compositions of the two phases, either by alloy con- 
tent or heat treatment, the strength of the alloy can 
be altered. The 8 phase, being the stronger of the 
two phases, will have the dominant effect on the 
properties, and the strength will increase as the quan- 
tity of 8 phase increases. This is the same effect as 
was found for binary Ti-Mn alloys, and is illus- 
trated by the data shown in Fig. 10. 
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Fig. 8—Effect of quenching temperature on the tensile properties of 
Ti-2.5 pct Al-Mn alloys. 
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In the temperature range where transformation 
effects are not operative, the strengths of a-6 alloys 
increase as the manganese content is increased (that 
is, an increase in the quantity of 8 phase in the 
structure) for a given annealing treatment. Also, for 
a given composition, an increase in the annealing 
temperature, which also increases the quantity of 8 
phase in the structure, increases the strength. If it 
is assumed that the a stabilizer partitions to the a 
phase, then, as the quantity of a is decreased by 
higher annealing temperature or higher manganese 
content, the a phase becomes enriched and stronger. 
This adds to the strengthening effect gained by the 
increase in quantity of the 8 phase. Therefore, the 
strength of an a-68 alloy would be greater than the 
sum of the strengths of the two terminal phases. In 
the case of an a solute with restricted solubility, such 
as carbon, when the a phase is enriched to the limit 
of its solubility, additivity would be expected to be 
approached. This is the case for the Ti-C-Mn alloys, 
as can be seen in Fig. 10. The deviation from addi- 
tivity in the binary Ti-Mn alloys may also be caused, 
at least partially, by the partitioning of the inter- 
stitial impurities to the a phase. 

The ductilities of the ternary Ti-Mn alloys con- 
taining a additions are very good as long as trans- 
formation effects are avoided and sufficient a phase 
is present to dissolve the a solutes. When conditions 
are such that transformation reactions take place or 
when the alloys are in the all-8 condition, the duc- 
tilities are very low. 


Effect of a Stabilizers on the @ to o Reactions 
The two reactions that can be affected by the ad- 
dition of a stabilizers to a-8 alloys are the marten- 
site and nucleation-and-growth reactions. In this 
work no direct attempt was made to determine the 
eiffects of a stabilizers on the martensite reaction. 
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Fig. 10—The effect of manganese content on the properties 
of Ti-Mn alloys containing aluminum, nitrogen, or carbon in 
various quenched conditions. 
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The effect of a stabilizers on the nucleation-and- 
growth reaction was found to depend on the type of 
a stabilizer added. The interstitial a stabilizers in- 
crease the rate at which a precipitates from 8, while 
the substitutional a stabilizer, aluminum, decreases 
the rate at which a precipitates from 8. This has a 
direct effect on the transformation kinetics of a-B 
alloys, particularly in the composition range where 
B’ is formed. It is known that ’ is formed when 
binary Ti-Mn alloys containing about 6 pct Mn are 
quenched from the £ field, resulting in a hard brittle 
condition. The effect of a stabilizers on the hardness 
of 6-quenched Ti-Mn alloys containing about 6 pct 
Mn is shown in Table III. 

Although there are differences in manganese con- 
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Fig. 11—Effect of ternary a additions on the aging characteristics 
of B-quenched Ti-Mn alloys. 
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tent in the alloys, the hardness differences can be 
associated with the rate of formation of a from 8 
which is dependent on the a-stabilizer content. This 
is shown more clearly by the aging curves for the 
Ti-6 pct Mn alloys in Fig. 11. The peak hardness 
obtained on aging does not vary much from alloy to 
alloy; but, rather, the greatest variation occurs in 
the as-quenched hardness and in the time required 
for overaging. This indicates that the reaction rates 
are so fast in the Ti-Mn alloys containing inter- 
stitials that aging actually occurs during the quench. 
With aluminum present, however, the rate of pre- 
cipitation of a from 6 is much slower and a longer 
time is required for overaging to occur. 

The rapidity of the 8-to-a precipitation reaction 
may mask the martensite reaction in many titanium 
a-B8 alloys. The formation of #’ at temperatures 
above the M, temperature may enrich the 6 phase 
sufficiently so that no martensite is formed during 
the quench. This is the case for the Ti-0.09 pct 
C-5.34 pet Mn alloy where only a few martensite 
needles are found in this alloy quenched from the 6 
field, while a considerable portion of a binary Ti-5.5 
pet Mn alloy is martensite as-quenched. Aluminum 
by decreasing the rate of a precipitation from 8, 
permits the martensite reaction to occur in the Ti- 
2.43 pet Al-5.91 pct Mn alloy such that the as- 
quenched structure is martensite plus Bf. 

At higher manganese contents, 8 to 9 pct, the ad- 
dition of aluminum still causes a hardness decrease. 
This may mean that even at these high manganese 
contents some coherency-hardened f’ is formed on 
quenching which is retarded by the presence of 
aluminum. However, the hardness increase obtained 
by the presence of carbon or nitrogen is equivalent 
to the hardening effect of the same quantity of car- 
bon or nitrogen in solid solution in unalloyed tita- 
nium. Furthermore, as shown in Fig. 11 for the 9 
pct Mn alloys, the aged hardnesses of the Ti-C-Mn 
and Ti-N-Mn alloys maintain the hardness differ- 
ences, indicating that solid-solution hardening of the 
8 phase is accomplished by the presence of the in- 
terstitials. Again overaging occurs much more rap- 
idly for the aluminum-free alloys than for the alloys 
containing aluminum. 

Cooling-rate studies also show the effect of the a 
stabilizers on the 6-to-a reaction rates. As shown in 
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ness peak moves to higher manganese contents. This 
shift in hardness peak is more rapid for the alloys 
containing interstitial a additions and slower for the 
alloys containing aluminum than for the binary 
Ti-Mn alloys. In the composition range where the 
martensite reaction is dominant (up to 4 pct Mn), 
the hardness of the 8-quenched alloys appears de- 
pendent on the a stabilizer present in the alloy. The 
alloys containing interstitial additions are softer, and 
the alloys containing aluminum are harder than the 
binary Ti-Mn alloys. This would indicate that the 
presence of interstitials, which at higher manganese 
contents increase the rate of the 6-to-a nucleation- 
and-growth reaction, may also cause the nucleation 
and growth of a in this composition range. 


Mechanical Instability of the 8 Phase 

It has been shown that the 8 phase in the Ti-Al- 
Mn alloys containing about 6 pct Mn is not subject to 
formation. Rather, the @-quenched structure con- 
sists of martensite plus retained 8. The 8 phase in 
this condition is not mechanically stable. It will 
transform to martensite during straining, with the 
result that the tensile properties exhibit a large 
spread between flow stresses and the tensile strength. 
This is illustrated by the data shown in Fig. 13, 
where it can be seen that there is a sharp drop in 
yield strength at a manganese content of around 6 
pct. The flow curves given in Fig. 14 for the Ti-Al- 
Mn alloys also show this effect. In the a-@-quenched 
condition, the Ti-2.43 pct Al-5.91 pct Mn alloy has a 
flow curve similar to those found for other titanium 
alloys. However, in the 8-quenched condition, the 
slope of the flow curve is much greater although 
the uniform elongation is less than that for the a-8 
condition. This is the result of the transformation 
occurring during straining. Similarly, the flow curve 
for the Ti-2.42 pct Al-2.75 pct Mn alloy in the 850°C 


Table Ill. Effect of a Stabilizers on Hardness of 6-Quenched 
Ti-Mn Ulex: (6 Pct Mn) 


Alloy Composition, Pct VHN, As-Quenched From 


(Balance Ti) B Field 
6.4 pct Mn 395 
5.63 pet Mn-0.11 pet N 474 
5.34 pct Mn-0.09 pct C 508 
5.91 pct Mn-2.43 pet Al 331 
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alloys. 
8 
~9% Mn 
Beta anneal 
and quench 
30 


-200 -100 100 


Testing Temperature,C 
quenched condition has a higher slope than in the 
650°C quenched condition, indicating some marten- 
site formation during strain. 

The mechanical instability of the 8 phase is not 
found in the binary Ti-Mn and ternary Ti-Mn-inter- 
stitial systems probably because of the rapid B-to-a 
reaction and formation of #’ in alloys containing 
about 6 pct Mn. The formation of 6’ would enrich 
the 8 phase such that the M, temperature would be 
below room temperature. 


200 


Effect of a Solutes on Toughness of a-@ Alloys 

As has been pointed out previously, the toughness 
of an a-§ alloy can be improved by increasing the 
quantity of a phase present in the microstructure. 
The body-centered-cubic 8 phase tends to undergo a 
transition from ductile to brittle behavior; and as the 
quantity of 8 phase is decreased, the tendency for 
the transition to occur is decreased. The effects of the 
a solutes on the toughness of Ti-Mn alloys are shown 
in Fig. 15. At a low manganese content (about 3 
pct) where the a-f ratio is high, no definite transi- 
tion can be seen. The alloy containing carbon has the 
highest impact resistance followed by the Ti-Al-Mn, 
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Fig. 16—Effect of grain shape on the properties of Ti-2.5 pct Al-Mn 
alloys. a—Equiaxed a-8; 650°C quench. b—Acicular 
furnace cool. X250. Area reduced approximately 25 pct for re- 
production. 


Ti-Mn, and Ti-N-Mn alloys. At the level of 6 pct Mn, 
the order is shifted and the Ti-Al-Mn alloy has the 
highest impact resistance. At about 9 pct Mn, where 
the alloys are all 8 phase, the effects of the inter- 
stitial elements are most apparent. Nitrogen and 
carbon raise the transition temperature over those of 
the Ti-Mn and Ti-Al-Mn alloys. This shows that the 
interstitial elements, even in the small quantities 
present in these alloys, have a very detrimental 
effect on toughness. At lower manganese content, 
and when massive a phase is present in the struc- 
ture, aluminum and carbon additions appear to im- 
prove toughness, while nitrogen has little effect over 
that of the binary Ti-Mn alloys. 


_ Effect of Grain Shape on Properties 

In work with binary Ti-Mn a-£ alloys, it has been 
shown that grain shape has little effect on strength, 
but rather strength is governed by the quantities and 
compositions of the two phases present.’ Tensile 
ductility, however, is affected by grain shape, being 
much higher for equiaxed structures than for acicu- 
lar structures of the same strength level. The same 
general trends have been found to hold true for the 
ternary alloys, as illustrated in Fig. 16 for the Ti-Al- 
Mn alloys. The strengths of the alloys in the p- 
furnace-cooled condition (acicular a-8) are lower 
than in the 650°C quenched condition (equiaxed 
a-B), and the ductilities are also lower. Impact 
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values appear to be less dependent on structure than 
are ductility values, although at 6 pct Mn the acicu- 
lar structure has the highest room-temperature im- 
pact value. 

Summary 

The addition of a stabilizers to an a-8 alloy in- 
creases the strength of the alloy through solid- 
solution strengthening. Quenching heat treatments 
at temperatures below which the £-to-a reactions 
are operative can alter the strength of the alloy by 
altering quantities of a and 6 phases present in the 
structure. Increasing the quantity of 8 phase, the 
stronger of the two phases, increases the strength of 
the alloy. Also, as the quantity of 6 phase is in- 
creased, the a-stabilizer content of the a phase in- 
creases because of the partition of the a solutes to 
the a phase, which adds to the strength of the alloy. 

Interstitial a solutes increase the rate of a forma- 
tion from £ by nucleation and growth while the sub- 
stitutional a solute, aluminum, decreases the rate of 
nucleation and growth of a. Consequently, the a-£8 
alloys containing interstitial solutes are more subject 
to 6 formation than binary Ti-Mn alloys on 
quenching from the £ field. The alloys containing 2.5 
pet Al are not subject to ~’ formation; but the 6 
phase that is retained is mechanically unstable, that 
is, it transforms to martensite during straining. 

The best combinations of properties of a-f alloys 
are obtained when there is a sufficient quantity of a 
phase in the structure to dissolve the a solutes. 
Strengths are lower in this condition than when 
transformation effects are involved, but ductility and 
toughness characteristics are generally very good. 
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Selected Isothermal Sections in the Titanium-Rich Corners 


of the 


Systems Ti-Fe-O, Ti-Cr-O, and Ti-Ni-O 


by W. Rostoker 


Single isothermal sections were constructed for the titanium-rich corners of the 
systems Ti-Fe-O, Ti-Cr-O, and Ti-Ni-O with a view to locating the shape and dis- 
position of the ternary intermediate-phase fields for the compounds isomorphous 


with 


N a previous note,’ it was reported that a group 

of ternary intermediate phases existed which oc- 
curred in the general composition range Ti,X,O- 
Ti,X,;0 where X was one of the following elements: 
copper, nickel, cobalt, iron, or manganese. In two 
instances, binary intermediate phases occurred 
(Ti,Cu and Ti,Ni) which appeared to be isomor- 
phous. The X-ray diffraction patterns of the phases 
could be indexed on a cubic lattice whose cell edge 
was of the order of 11 kX. Karlsson’ stated that the 
line extinctions and line intensities indicated that 
these phases were isomorphous with Fe,W,;C and 
therefore belonged to the space group O,.’ This au- 
thor also noted that no unique phase of this type oc- 
curred at the composition Ti,Cr,O. This latter state- 
ment was accepted as true at the time the previous 
technical note was written.* However, work con- 
tinued along these lines.and that reported here has 
shown that a phase isomorphous with Fe,W.C does 
exist in the vicinity of the composition Ti,Cr;O but 
not at or near Ti,Cr.O. The lattice parameter of this 
phase was found to be 13.01 kx. 

Metallographic examination of both as-cast and 
annealed specimens of these supposed ternary oxide 
phases disclosed structures which were far from 
single phase in many instances. It was considered a 
point of some interest to locate more positively the 
composition coordinates of the single-phase fields. 
To this end, single isothermal sections for the sys- 
tems Ti-Fe-O (1000°C), Ti-Cr-O (1000°C), and 
Ti-Ni-O (900°C) were constructed. 

Phase relationships were studied by both X-ray 
diffraction and metallographic methods. Alloys were 
prepared as 10 g buttons by melting in a noncon- 
sumable electrode, water-cooled copper crucible 
arc-melting furnace using a helium atmosphere. 
Oxygen was introduced quantitatively by the use of 
weighed amounts of TiO, or TiO. Iodide titanium and 
the purest available alloying metals were used. All 
results are discussed in terms of the nominal com- 
position of the melts. Previous experience with 
making oxygen-rich alloys had shown that oxygen 
losses were not significant if a homogeneous melt 
was produced. Weight-loss measurements were used 
to check loss in metallics during melting. Anneals 
were conducted in evacuated Vycor bulbs, and an- 
nealing times ranged from 24 hr at 1000°C to 48 hr 
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at 900°C. To achieve equilibrium in certain slug- 
gish alloys, seven-day anneals were used. Debye- 
Scherrer powder patterns were taken in a 14 cm 
diam camera using filtered CuK radiation (K., = 


1.541232 kX; K,, = 1.53739 kX). Specimens were 


prepared by crushing and screening previously an- 
nealed buttons. In general, the X-ray diffraction 
results were used to identify the major phases, 
while the metallographic examinations were more 
useful in indicating the number of phases present. 
By the use of the combined results and general fun- 
damental rules governing ternary equilibrium, it 
was possible to construct isothermal sections in good 
detail. In some instances where auxiliary lattice- 
parameter data were available, it was possible to 
lay down tie lines and to locate more positively cor- 
ners of three-phase fields. 


Isothermal Section of the System Ti-Fe-O at 1000°C 

The binary systems Ti-O* and Ti-Fe* have been 
published. Binary phases, TiO, TiFe, and TiFe., are 
likely to be encountered in the titanium-rich corner 
of the system. The structures are NaCl (Bl), CsCl 
(B2), and MgZn, (C14) types, respectively. Al- 
though preliminary X-ray diffraction studies indi- 
cated the presence of a ternary phase in the com- 
position range Ti,Fe.O-Ti,Fe,0, metallographic ex- 
amination of two specimens at these compositions 
revealed the presence of other phases. 

Thirty-eight alloys were used to delineate the 
phase boundaries of the isothermal section illus- 
trated in Fig. 1. The five almost single-phase ter- 


Single Phase 
Two Phases 

Three Phases 
Ternary Phose 


T+TiFe+TiFes 
q 
TiFe+TiFe 
B+tiFe+T Brtire TiFe 
207 (5055) 60) 565) 170) 175) 
Atomic Percent Iron 


Fig. 1—System Ti-Fe-O. Isothermal section at 1000°C. 
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Fig. 2—15 pct O-30 
pet Fe-55 pct Ti an- 
nealed for 24 hr at | 
1000°C. Structure al- 
most pure ternary 
phase with trace 
dendrites of TiO. 
X500. Area reduced « 
approximately 25 pct 

for reproduction. oe 


Fig. 3—15 pct 0-20 
pct Fe-65 pct Ti an- 
nealed for 24 hr at 
1000°C. Structure, 
primary dendrites of 
a in a matrix of ter- 
nary phase. Etched 
in 2 pct HF, 3 pet 
HNO, in water. X500. 
Area reduced ap- 
proximately 25 pct 
for reproduction. 


Fig. 4—15 pct 0-50 
pet Fe-35 pct Tian- 
nealed for 24 hr at 
1000°C. Structure, =” 

predominantly TiFe, 
-+ TiO and a trace 
of ternary phase. 
Globules of TiO in- 
dicate a region of 
liquid immiscibility. 
X750. Area reduced 
approximately 25 pct 
for reproduction. 


nary compound alloys showed a continuous Pe 
in lattice parameters. This trend was useful in 
locating the directions of tie lines in the adjoining 
two-phase fields. A knowledge of the variation in 
lattice parameters of the a and TiO phases with 
oxygen contents’ also assisted in this respect. Ap- 
propriate microstructures were encountered for each 
of the phase fields except for the field (8 + TiFe + 
ternary phase). It can only be assumed that equi- 
librium in this portion of the diagram proceeds 
extremely sluggishly, as certain alloys were subject- 
ed to seven-day anneals. There can be no doubt 
that this three-phase field must exist because of the 
positive identification of the (8+ ternary phase) 
and (TiFe + ternary phase) fields. The fan-shaped 
(TiFe + ternary phase) field was dictated by the 
lattice parameter of the ternary phase in the 32 pct 
Fe, 8 pct O alloy.* 


* All compositions refer to atomic concentrations. 


The directions of the phase-field boundaries and 
five nearly single-phase specimens whose lattice 
parameters varied continuously locate the ternary- 
phase field symmetrically about a direction of con- 
stant oxygen content of approximately 15 pct and 
limited by iron concentrations of 25 and 40 pct. From 
the general disposition of the ternary phase in as- 
cast microstructures, it seems likely that it generates 
by a peritectic reaction with the liquid. This is 
probably the reason for difficulty in obtaining com- 
pletely single-phase alloys, since incomplete peri- 
tectic reactions in titanium-base systems are notably 
sluggish in approaching equilibrium. A selection of 
microstructures in Figs. 2 to 5 illustrate structures 
in important phase fields. 


Isothermal Section of the System Ti-Cr-O at 1000°C 

The binary system Ti-Cr has been investigated 
thoroughly.*® A single intermediate phase TiCr, 
exists. Levinger® has shown the phase to have two 
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Fig. 5—8 pct O-42 
pct Fe-50 pct Ti an- 
nealed for 24 hr at 
1000°C. Structure, 
TiFe (primary den- 
drites) -+ ternary 
phase. Etched in 2 
pet HF, 3 pct HNO, 
in water. X500. Area 
reduced approximate- 
ly 25 pct for repro- 
duction. 


allotropic modifications, MgCu, (C15) type below 


1100°C and MgZn, type above. As mentioned earlier, 
X-ray diffraction patterns indicated that a ternary 
phase, apparently identical with Ti,Fe,O, occurred 
at about the composition Ti,Cr,O. Metallographic 
examination of an alloy at that composition disclosed 
more than one phase. 

A paper on the Ti-Cr-O system has recently ap- 
peared under the authorship of Wang and Grant.’ 
The work described in that paper was in progress at 
the same time as that being reported in this paper. 
Certain differences in phase relationships are noted. 

Twenty-three alloys were used to identify the 
phase fields. Several specimens were annealed for 
seven days to develop a closer approach to equilib- 
rium in sluggish alloys. The metallographic and 
X-ray diffraction have been used to construct the 
isothermal section shown in Fig. 6. 


Two Phoses 
Q Three Phases 
T Ternary Phose 


7 7 7 7 7 7 7 7 
15) 20: (25 935!" 405 45 55) ‘6065; 751 60 
Atomic Percent Chromium 


5 10 
Fig. 6—System Ti-Cr-O. Isothermal section at 1000°C. 
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Fig. 7—15 pct O-20 
pct Cr-65 pct Ti an- 
nealed for 24 hr at 
1000°C. Structure, 
primary dendrites of 
@ in a matrix of 
(~ + TiCr,). X750. 
Area reduced approx- 
imately 25 pct for 
reproduction. 


Fig. 9—15 pct O-35 
pet Cr-50 pct Tian- == 
nealed for 24 hr at .*- 
1000°C. Structure, 
a (dendrites) + mix- 
ture of TiCr, and 
ternary phase. X750. 
Area reduced approx- 
imately 25 pct for 
reproduction. x 


The lines of a cubic phase isomorphous with other 
members of the ternary oxide group were noted 
consistently as the predominant diffraction pattern 
in high chromium-content alloys. It was not found 
possible to develop a completely single-phase struc- 
ture in alloys which, from the directions of phase 
boundaries, must occur in or adjacent to the single- 
phase field. This difficulty was also reported by 
Wang and Grant. The narrow region of occurrence 
of this phase was inferred from the directions of 
phase boundaries and tie lines. Its location must be 
considered approximate. The miscibility range does 
not include the ideal composition Ti,Cr,O. A selec- 
tion of microstructures in Figs. 7 to 10 illustrate 
structures in important phase fields. 

Wang and Grant presented an isothermal section 
at 1200°C which is comparable in composition range 
to Fig. 6. Unfortunately, the two sections describe 
temperature levels 200°C apart. Certain points of 
comparison should be made, however. The disposi- 
tion of the (a + B), (B+ y), and (a+ 8+ y) phase 
fields are essentially similar. The major point of 
difference is the question of existence of a second 
ternary intermediate phase called eta (y) by Wang 
and Grant. It must be stated that the set of inter- 
planar spacings for the « phase of Wang and Grant 
is sufficiently in agreement with the set for that 
which is termed ternary phase (T) in this paper to 
consider them identical. However, the 7-phase 
diffraction lines of Wang and Grant were not en- 
~ countered in patterns of any of the alloys herein 
reported. For instance, all of the diffraction lines of 
an alloy containing 15 pct O and 35 pct Cr could be 
indexed in terms of a, TiCr., and T (or «) phase. In 
an alloy containing 20 pet O and 15 pct Cr, only a 
and TiCr, could be identified. The three- phase field 
(TiO + T+ TiCr.) was not encountered by Wang 
and Grant, although it could very well exist even in 
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Fig. 8—25 pct O-15 
pet Cr-60 pct Ti an- 
nealed for 24 hr at 
1000°C. Structure, 
a (darker etching) 
+ ternary phase 
(lighter etching). 
Etched in 2 pct HF, 
3 pct HNO, in water. 
X750. Area reduced 
approximately 25 pct 
for reproduction. 


Fig. 10—10 pct O-55 
pet Cr-35 pct Ti an- 
nealed for 24 hr at 
1000°C. Structure, 
TiCr, (dendrites) + 
ternary phase (light 
matrix) + TiO (dark 
dispersion). Etched in 
2 pct HF, 3 pct HNO, 
in water. X750. Area 
reduced approxi- 
mately 25 pct for 
reproduction. 


their diagram if a hypothetical phase field (T(e«) + 
8-Cr) were removed. 

It is not possible to reconcile these differences, al- 
though it must be reiterated that comparison is be- 
ing made with isothermal sections at different tem- 
peratures. In both instances, the positive identifica- 
tion of ternary phases were by X-ray diffraction 
analysis only. The possibility does exist that the » 
phase occurs at 1200°C but decomposes eutectoid- 
ally between 1200° and 1000°C. The two isother- 
mal sections would then be compatible. There is no 
evidence in Wang and Grant’s paper that » exists 
below 1200°C. 


Isothermal Section of the System Ti-Ni-O at 900°C 

The Ti-Ni system‘ has been published. The Ti,Ni 
phase is known to have a cubic structure isomor- 
phous with the ternary phases under study. Two 
other intermediate phases, TiNi and TiNi,, occur. 
These phases are of B, and DO,., types, respectively. 


55 @ Single Phase 
@ Two Phases 
Three Phases 


i [The NI+TiN} 


10 15 20 25 30 "35 40 45 50 55 60 65 70 75 
Atomic Percent Nickel 
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TINi TiN) +T 3 


Fig. 11—System Ti-Ni-O. Isothermal section at 900°C. 
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Fig. 12—5 pct O-30 
pct Ni-65 pct Ti an- 
nealed for 48 hr at 
900°C. Structure al- 
most completely 
Ti,Ni with traces of 
B. X500. Area re- 
duced approximately 
25 pct for reproduc- 
tion. 


Fig. 14—35 pct O-5 
pet Ni-60 pct Ti an- 
nealed for 48 hr at 
900°C. Structure, a 
+ TiO + Ti,Ni. 
Dendrites are a, the 
banding is TiO, and 
the matrix is Ti,Ni. 
X750. Area reduced 
approximately 25 pct 
for reproduction. 


Fig. 16—5 pct O- 
50 pct Ni-45 pct 
Ti annealed for 
48 hr at 900°C. 
Structure,  TiNi 
(dendrites) + 


Ti,Ni (lighter 
etching matrix) 
+ TiNi, (darker 
etching matrix). 


Etched in 2 pct 
HF, 3 pct HNO, 
in water. X750. 
Area reduced ap- 
proximately 25 
pct for reproduc- 
tion. 


The Ti-Ni-O system is of particular interest as a 
case where the ternary-phase lattice can tolerate a 
complete evacuation of the interstitial atoms. The 
approximate location of the single-phase field was 
made from studies on 27 alloys. The isothermal 
section at 900°C was chosen to avoid the occurrence 
of liquid-phase fields associated with the low binary 
eutectic temperature (995°C) in the Ti-Ni system. 
Based on recognition of number and identification 
of phases in each of the annealed alloys, the iso- 
thermal section illustrated in Fig. 11 has been con- 
structed. 

Judging from those alloys which were single- 
phase or nearly so and from the directions of phase 
boundaries, it is concluded that the Ti.Ni phase has 
a narrow miscibility field extending into the ternary 
system in the direction of a constant ratio of Ti:Ni., 
The interpretation is that the structure is permit- 
ting the occupation of vacant interstitial sites ap- 
proximately up to the saturation which the other 
isomorphous ternary phases permit. Figs. 12 to 16 
offer microstructures representative of a number of 
the phase fields encountered. 


116—JOURNAL OF METALS, JANUARY 1955 


Fig. 13—25 pct O- 
20 pct Ni-55 pct Ti 
annealed for 48 hr 
at 900°C. Structure, 
TiO + Ti,Ni (ma- 
trix). Etched in 2 pct 
HF, 3 pct HNO, in 
water. X750. Area 
reduced approxi- 
mately 25 pct for 
reproduction. 


Fig. 15—25 pct O- 
30 pct Ni-45 pct Ti 
annealed for 48 hr 
at 900°C. Structure, 
TiNi, (dendrites) 
Ti,Ni (light etching 
matrix) + TiO 
(darker etching ma- 
trix). Etched in 2 pct 
HF, 3 pct HNO, in 
water. X750. Area 
reduced approxi- 
mately 25 pct for 
reproduction. 


Summary 

The approximate size and location of the ternary- 
phase fields of the compounds isomorphous with 
Fe,;W;C have been determined for three titanium- 
rich ternary systems. The transition element as- 
sociated with titanium in the species of intermedi- 
ate phase appears to exercise considerable influence 
on its location and range of miscibility. Judging 
from the disposition of the phase fields at 1000°C, it 
appears unlikely that these phases will be encoun- 
tered in normal forgeable titanium alloys based on 
the Ti-Fe and Ti-Cr systems. 
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Heat Treatment and Mechanical Properties of Ti-Cu Alloys 


by F. C. Holden, A. A. Watts, H. R. Ogden, and R. |. Jaffee 


Hypoeutectoid Ti-Cu alloys are responsive to heat treatment, and considerable 
variation of mechanical properties may be produced by transformation of the 8 phase. 
Control of cooling rate, isothermal transformation, or quench tempering determine 
the transformation structure and properties. The transformation products are 


similar to those of carbon steel. 


ae equilibrium diagram for the Ti-Cu system 
has been studied by various investigators, and 
the most recent diagram is that determined by Jou- 
kainen, Grant, and Floe.* The titanium-rich portion 
of this diagram is reproduced in Fig. 1. The alloy 
compositions and annealing temperatures used in 
this work are shown. 

The Ti-Cu alloys containing up to 17 wt pct Cu 
are representative of an active eutectoid alloy sys- 
tem. Joukainen et al.* have stated that 8 phase can- 
not be retained on quenching and this has been con- 
firmed in the present work. The similarity between 
the Ti-Cu system and the Fe-C system is evident 
and, as will be shown later, many of the transforma- 
tion products appear to have similar microstructures. 

Heat treatments in this program were designed 
to produce the structures of primary interest for 
study and determination of mechanical properties. 


Experimental Procedures 

Preparation of Alloys: Five % lb ingots, ranging 
in composition from 0.8 to 6.83 pct Cu, were pre- 
pared by double are melting in an atmosphere of 
high purity argon. Titanium melting stock was ob- 
tained from high purity iodide titanium, and copper 
additions were made from copper wire clippings. 
Segregation was reduced by inversion melting, in 
which the once-melted ingots were inverted in the 
crucible and remelted. The double-melted ingots 
were forged at 1600°F to % in. diam rods, with both 
heating and forging operations being carried out in 
air. Surface scale was removed by grit blasting and 
grinding, after which the forgings were vacuum an- 
nealed at 900°C. The alloys then were swaged to %4 
in. diam rod at 750°C and test specimens were cut 
from this material. 

The vacuum annealing operation was to remove 
dissolved hydrogen, which is commonly present in 
the iodide titanium as-received. Although vacuum 


F. C. HOLDEN, Member AIME, A. A. WATTS, H. R. OGDEN, 
Member AIME, and R. I. JAFFEE, Member AIME, are Principal 
Metallurgists, Assistant Chief, and Chief, respectively, Nonferrous 
Physical Metallurgy Div., Battelle Memorial Institute, Columbus, Ohio. 

Discussion on this paper, TP 3861E, may be sent, 2 copies, to 
AIME by Mar. 1, 1955. Manuscript, Apr. 15, 1954. Chicago Meet- 
ing, November 1954. 


TRANSACTIONS AIME 


B 
N 
NS 
850) 
VA 
a +B B+ Ti,cu 
e| \e / Qo 
e| ef © ao 
Tentative 
75 AS 
\ 
oO 
\ 
5 e \ 
5 \ 
N 


a + Ti,Cu 


601 


@ 225-gram ingots: 
© 20-gram ingots 


550 


° 2 3 4 § 10 tl 12 
Weight Per Cent Copper 


Fig. 1—Titanium-rich portion of Ti-Cu system, after Jou- 
kainen, Grant, and Floe.* 


fusion analyses were not obtained for all these 
alloys, past experience indicates that the 6 hr treat- 
ment with a limiting pressure of 10% to 10° mm of 
Hg is sufficient to reduce the hydrogen level to 10 to 
30 ppm. Vacuum fusion analysis of the 0.8 pct Cu 
alloy showed 19 ppm of hydrogen. 

In addition to the five hypoeutectoid alloys, three 
15 g ingots were prepared with nominal copper ad- 
ditions of 9, 10, and 11 pct. Fabrication procedures 
were similar, except that these alloys were rolled 
to 0.040 in. sheet. Microstructure specimens only 
were obtained. Table I shows analyzed compositions 
and fabrication temperatures for these alloys. 

Heat Treatments: All heat treatments were made 
in potentiometer-controlled, resistance-wound tube 
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Fig. 2—Mechanical properties of Ti-Cu alloys annealed at indicated 


temperatures and water quenched. 


furnaces under an inert atmosphere. Specimens were 
either encapsulated in Vycor under a partial pres- 
sure of argon or suspended in a flowing atmosphere 
of argon. Various cooling rates were obtained by 
water and oil quenches, by argon cooling (air- 
cooling rate under an inert atmosphere), and by 
furnace cooling. Attempts to obtain cooling rates 
more rapid than a water quench by use of NaCl and 
NaOH solutions showed no evidence of improve- 
ment, and these were discontinued. Typical cooling 
curves for the argon and furnace cooling rates have 
been presented in earlier work.* 

Isothermal-transformation studies were made by 
quenching from an argon atmosphere into a bath of 
molten tin maintained at the transformation temper- 
ature by a potentiometer controller. After the de- 
sired holding time, the specimens were removed 
from the tin bath and water quenched. 

Mechanical Testing: Tensile properties were ob- 
tained from % in. diam tensile specimens with a 
¥% in. gage length. Tests were made on Baldwin- 
Southwark universal testing machines at a uniform 
strain rate of 0.005 in. per min; the 2000 or 2400 lb 
scale was used. Strain readings were taken from 
Type A-7 SR-4 resistance strain gages to about 2 
pet elongation and from a lever-type extensometer 
to the limit of uniform elongation. 

Impact tests were made on micro impact test 
specimens by using a Tinius-Olsen testing machine 
with a 200 in.-lb capacity and an impact velocity of 
11.37 fps. Details of test specimens and methods of 
testing have been described previously.® 


Water-Quenched Alloys 
An important feature of the Ti-Cu alloy system is 
the fact that 8 phase is not retained at room temper- 
ature. This is distinct from the alloys of titanium 
with chromium, iron, and manganese in which the 
eutectoid reaction is sluggish. The transformation 
which occurs is governed by the alloy composition 
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and by the method of cooling, and considerable vari- 
ations in mechanical properties may be obtained as 
a result of this transformation. The types of micro- 
structures obtained by water quenching from the 
single-phase a and £8 fields may be listed as 1— 
equiaxed a, and 2—martensitic transformed f. The 
serrated transformation structures associated with 
unalloyed titanium and with the low copper-content 
alloys on quenching from above the 8 transus are 
considered as martensitic transformed £ in this 
classification. 

Alloys water quenched from the two-phase fields 
contain microstructures which may be classified as 
l—a + Ti,Cu, 2—a + transformed £, and 3— 
Ti,Cu + transformed £8. The 8 transformation prod- 
uct of the latter two structures does not appear to be 
martensitic but has a nodular appearance. These 
nonmartensitic $-transformation products are of 
considerable interest and are discussed in later sec- 
tions of this paper. 

Mechanical properties of the quenched alloys are 
presented in Fig. 2 and typical microstructures are 
shown in Figs. 3 and 4. 

Solid-solution strengthening of the a phase is 
effective up to the solubility limit at the annealing 
temperature. Separation of the structural and solid- 
solution effects is possible in the composition range 
of 0 to 1.7 pct Cu because both equiaxed a and trans- 
formed 8 structures can be produced. Transformed 
f& structures in this composition range are 5000 to 
6000 psi stronger than corresponding equiaxed a 
structures. The effects of a grain size on mechanical 
properties are minor. For the 0.8 pct Cu alloy, an in- 
crease in grain size from 0.05 to 0.02 mm results in 
no change in tensile properties except for a slight 
decrease in yield strength. It may be concluded that 
grain-size effects in the single-phase a structure are 
negligible. 

Specimens annealed and quenched from below the 
eutectoid temperature contain increasing quantities 
of Ti,Cu in an a matrix as the copper content is in- 
creased above the solubility limit. The effect on 
mechanical properties is a slight increase in strength 
accompanied by a decrease in ductility. For a given 
alloy composition, highest ductilities are obtained in 
this condition. 

The strengths of specimens quenched from the 
a+ 8 field are increased considerably above those of 
the same alloys quenched from below the eutectoid 
temperature. This strength difference increases with 
copper content. Examination of microstructures 


Table 1. Compositions and Fabrication Temperatures 
of the Alloys Tested 


Fabrication 
Vac- 
Composition (Balance uum 
Titanium), Pct An- 
Forg- neal- Swag- 
Analyzed ing ing ing 
Tem- Tem- Tem- 
Nominal Hydro- pera-  pera-_ pera- 
Cop- Cop- Nitro- gen, ture, ture, ture, 
Alloy per per gen Ppm °C °C 
TM 40 1.0 0.8 = 19 875 900 750 
TM 41 2.0 875 900 750 
T™ 42 3.75 3.48 0.002 — 875 900 750 
TM 44 5.5 5.44 ~— —_ 875 900 750 
TM 43 6.83 875 900 750 
9 Cu 9.0 8.93 0.002 “= 875 900 750* 
10 Cu 10.0 9.84 0.002 — 875 900. 750* 
PRC 11.0 10.33 0.003 — 875 900 750* 


* These alloys were rolled to 0.040 in. strip 
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shows equiaxed a grains in a matrix of transformed 
8 which appears to be nodular rather than marten- 
sitic. It may be that the presence of a promotes the 
nucleation and growth decomposition of the £ phase, 
preventing the formation of martensite. 

Highest strengths are obtained by water quench- 
ing from the £ field to produce a martensite struc- 
ture. The ultimate tensile strengths and Vickers 
hardness values in this condition increase almost 
directly with copper content, which indicates that 
strength of B-quenched specimens is determined by 
the quantity of copper in solid solution at the quench- 
ing temperature. The microstructures show a uni- 
form increase in fineness of the martensite as the 
copper content is increased. The differences in prop- 
erties and microstructures obtained by quenching 
from different temperatures in the 8 field are minor 
and are probably caused by cooling-rate effects. 
Ductilities of the $-quenched specimens decrease 
rapidly as the copper content is increased. The pres- 


ence of proeutectoid a in the microstructures of 
specimens quenched from the a-8 field reduces their 
strength, but ductilities are considerably improved 
over those of the 6-quenched specimens. 

Micro impact tests were run at room temperature 
on specimens representing all the quenched condi- 
tions. In addition, the effect of testing temperature 
on impact resistance was determined for selected 
microstructural conditions. Fig. 5 shows the varia- 
tion of room temperature impact-energy values with 
copper content for a number of annealing tempera- 
tures. The effects of testing temperature are shown 
in the curves of Fig. 6. Specimens annealed and 
quenched from below the eutectoid temperature 
have the highest impact-energy values. Copper in 
solid solution decreases the impact resistance rapidly 
until the limit of solubility is reached. Further addi- 
tions of copper cause only a small decrease in 
impact-energy values as the quantity of Ti,Cu phase 
in the microstructure is increased. The impact be- 
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Fig. 4—Microstructures of 
B See quenched Ti-Cu alloys. X250. 
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a-compound field exhibit a similar decrease in im- 


havior may be considered as ductile up through at pact energy as the copper content is increased. 
least 6.83 pct Cu for specimens in this condition. Impact energies of the B-quenched specimens are 
Specimens annealed at higher temperatures in the about 20 in.-lb lower than the the impact energies of 
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WAZ NU. 


specimens annealed below the eutectoid tempera- 
ture and above 5 pct Cu are below 20 in.-lb. With 
the exception of the Ti-0.8 pct Cu alloy, little change 
in impact energy occurs with changes in testing 
temperature from —196° to 150°C. The Ti-0.8 pct 
Cu alloy specimens, particularly those in the B- 
quenched condition, show a considerable increase in 
impact-energy values as the testing temperature is 
increased. 
Cooling-Rate Studies 


For an alloy system in which a high temperature 
phase transforms on cooling, a study of the effects of 
different cooling rates on microstructures and me- 
chanical properties is often of considerable value. In 
this work, specimens were cooled from the £ field at 
three cooling rates, in addition to the cooling rate 
obtained by a water quench. The microstructures 
were observed, hardness measurements were ob- 
tained in all cases, and tensile and impact speci- 
mens that had been argon cooled were tested. The 
cooling rates studied included those obtained by 1— 
water quenching, 2—oil quenching, 3—cooling in 
argon (simulated air cooling rate under an argon 
atmosphere), and 4—cooling in the furnace. At- 
tempts to obtain a cooling rate more rapid than a 
water quench were made by using iced NaCl and 


Ti-5.44.Cu_ 


Fig. 7—Effect of cooling rate on 
the microstructures of Ti-Cu 
alloys annealed in the £ field. 
X250. Area reduced approxi- 
mately 20 pct for reproduction. 
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NaOH solutions. The results showed, however, that 
no increase in cooling rate was obtained. These tests 
were discontinued. 


The effects of cooling rate on microstructures are 
shown in the micrographs of Fig. 7. At the lower 
copper contents (up to 1.7 pct Cu), the effect of de- 
creasing cooling rate is to increase the coarseness of 
the already coarse transformed £. At 3.42 pct Cu, the 
cooling-rate effect is similar, although the fineness 
of the martensite structure in the water-quenched 
condition is much greater than that of the two alloys 
that contain less copper. Specimens containing from 
5.44 to 10.33 pet Cu show considerable variations in 
microstructure resulting from changes in cooling 
rate. At the lower cooling rates, a eutectoid decom- 
position product is formed as nodules progressing 
from prior 6-grain boundaries. At very low cooling 
rates, particularly at the higher copper contents, the 
eutectoid decomposition product appears lamellar 
and similar to the fine pearlite structures of carbon 
steels. In most instances, however, the structures are 
too fine to be resolved under the microscope. The 
eutectoid decomposition product forms rapidly and 
the cooling rate in argon is usually low enough to 
permit complete transformation. In specimens oil 
quenched from the £ field, about 20 pct of the struc- 
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ture is nodular product and is formed near the prior 
8-grain boundaries, with the balance of the struc- 
ture transformed to martensite. 

The effect of cooling rate on hardness is shown in 


122—JOURNAL OF METALS, JANUARY 1955 


180 
600 C 500 C 
140 
7O00C 400 C 
600.C 400 C 
500 C 
700 C,-790¢ 700C 
240 
500 C 
Ti-3.48 Cu 
200 
600 C 
160 
a 
2 J 
| 
5 320 
15.44 Cu | 
= 500C _ Initial treatment, hr—- 
240 600 C — 900C, water quenched =H 
| 
700 C © Tempered at 400C | 
200 
ont 4 Tempered at 500C | 
Bei O Tempered at 600 C | 
4006 "Tempered 700°C. 
a v Tempered at 790C 
S790 C 
320) SS | 4 
ee 500 C Ti-6.83 Cu 
280 


240 
c 

2ooL_/ 


iJ 4 16 64 


4 


Tempering Time, hours 
Fig. 11—Effect of tempering on the hardness of Ti-Cu alloys. 


the curves of Fig. 8. No significant change in hard- 
ness occurs between the water quench and oil 
quench for alloys containing up through about 7 pct 
Cu. The hypereutectoid alloys are harder in the oil- 
quenched condition, where considerable nodular 
product is formed, than in the water-quenched con- 
dition, in which the microstructure appears to be all 
martensite. The possibility that some was retained 
by water quenching was checked by X-ray diffrac- 
tion of the Ti-10.33 pct Cu alloy, and only diffuse a 
lines were observed. In the oil-quenched sample, two 
very faint Ti,Cu lines were observed in addition to 
diffuse a lines. No £8 lines were observed. It appears, 
then, that the combination of the nodular product 
and martensite produced by oil quenching the 
hypereutectoid alloys is a harder structure than the 
martensite structure produced by water quenching. 
In the hypoeutectoid alloys, the small amount of 
nodular product that is formed during oil quenching 
does not influence the hardness. Eutectoid structures 
of pearlitic type, produced by lower cooling rates, 
are softer than structures containing martensite. 

The variations in hardness caused by differences 
in cooling rate increase with copper content, and 
considerable control of strength may be obtained at 
the higher copper contents by control of the cooling 
rate from the annealing temperature. 

Because complete transformation to the eutectoid 
decomposition product takes place during cooling in 
argon, tensile and impact tests were made in this 
condition. Results of these tests are presented in the 
curves of Fig. 9. The. results of tests of the - 
quenched specimens are included for comparison. 
The strength properties of specimens cooled in argon 
are lower, and ductility and impact resistance are 
considerably improved over these properties of the 
8-quenched specimens. 


Aging Studies 
The increase in the solubility of copper in a 
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0. | | 
| | 


‘itanium with increasing temperature suggests the 
oossibility of strengthening these alloys by precipi- 
lating Ti.Cu particles in a low temperature aging 
process. Aging studies were undertaken with speci- 
mens containing 0.8 and 1.7 pct Cu solution an- 
nealed in the a field, quenched to room temperature, 
and aged at 400°C for 1, 4, and 16 hr. Hardness data 
are presented in Fig. 10, and show that no appreci- 
able change occurs during this aging process. 


Tempering Studies 


Many of the characteristics of the Fe-C alloy sys- 
tem appear in the Ti-Cu system. This similarity sug- 
gests that the improvements in mechanical prop- 
erties obtained in steels by tempering a quenched 
structure may be obtained in the Ti-Cu alloys. 
Hardness and microstructure studies have been 
made on specimens quenched from the £8 field and 
tempered at temperatures from 500° to 790°C for 
various times. In addition, tensile and impact speci- 
mens were tested in a selected quenched-and-tem- 
pered condition. 

The effects of tempering on hardness are shown 
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Fig. 12—Effect of 1 hr temper 
on microstructure of Ti-Cu alloys 
quenched from the 8 field. X250. 
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graphically in Fig. 11, and representative micro- 
structures are shown in Fig. 12. The curves show 
that as the tempering temperature is increased from 
400° to 700°C a decrease in hardness occurs as the 
tempering time is increased. Hardness is.maintained 
by tempering at 790°C, but microstructural evidence 
shows that these treatments were actually above the 
eutectoid temperature. The alloys containing 0.8 and 
1.7 pct Cu show only minor changes in hardness as a 
result of the tempering treatment, while the degree 
of response in the other specimens increases with 
copper content. The decomposition of the martensite 
resulting from tempering a 8-quenched specimen is 
shown in the micrographs of Fig. 12. It can be ob- 
served here that the acicularity of the microstruc- 
tures is not destroyed, and structures comparable to 
the spheroidized structures of tempered steels were 
not obtained. The presence of the nodu’ar eutectoid 
structure was observed in a number of these speci- 
mens, but its quantity does not appear to be deter- 
mined by either a tempering temperature or time. Its 
formation probably is caused by an insufficiently 
rapid quench from solution-annealing temperature. 


Tempered hr at 500 C Tempered hr at 700 C 
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A tempering treatment of 1 hr at 600°C was 
selected for tempering specimens used in the deter- 
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Fig. 13—Effect of tempering 1 hr at 600°C on the mechanical 
properties of 8-quenched Ti-Cu alloys. 
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mination of tensile and impact properties. This 
treatment was chosen on the basis of hardness 
measurements to produce the same strength levels 
as those of the argon-cooled specimens. Tensile 
properties are shown in Fig. 13. The tensile prop- 
erties of the $-quenched specimens are included 
for comparison. Impact-temperature curves are pre- 
sented in Fig. 6. 

Strength properties are increased slightly by the 
tempering treatment for alloys containing 1.7 and 
3.48 pct Cu and are decreased for the 5.44 and 6.83 
pet Cu alloys. Ductility and impact resistance also 
are decreased below those of the 6-quenched speci- 
mens. The argon-cooled specimens at the same 
strength level possess better ductility and impact 
properties than do the quenched and tempered 
specimens. Impact values, particularly at the lower 
copper contents, are lower than those for the other 
conditions (see Fig. 6). With the exception of the in- 
crease in impact resistance with testing temperature 
noted for specimens containing 0.8 pct Cu, no signifi- 
cant effect of temperature on impact-energy values 
was observed. The lowering of ductility and impact- 
energy values for the tempered specimens may be 
associated with the rejection of copper as Ti,Cu 
from the martensite during the tempering process. 

Unlike the effect of tempering on carbon steels, 
tempering of B-quenched Ti-Cu copper alloys does 
not improve ductility and toughness, but, rather, is 
definitely detrimental to these properties. 


Isothermal-Transformation Studies 


The variations in microstructure and mechanical 
properties which are observed when alloys contain- 
ing over 3.48 pet Cu undergo transformation make 
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Fig. 14—Microstructures of Ti- 
Cu alloys. Specimens annealed 
Y% hr in B field. Isothermally 
transformed for 60 min and 
quenched to room temperature. 
X250. Area reduced approxi- 
mately 20 pct for reproduction. 
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an understanding of the transformation processes 
desirable. One method of studying these transforma- 
tions is to quench directly to the transformation 
temperature for various periods of time so that the 
temperature at which the transformation occurs is 
known. Isothermal-transformation studies were 
made on the Ti-Cu alloys containing up to 6.83 pct 
Cu. The alloys were isothermally transformed at 
500°, 600°, and 700°C for times of 1, 15, and 60 min. 
Representative microstructures are shown in Fig. 14. 

From study of the microstructures, an approxi- 
mate M, curve may be constructed, as shown by the 
dotted curve in Fig. 1. Although the number of tests 
performed was not sufficient to determine TTT 
curves, some general observations on the transfor- 
mation kinetics were made. 


1—The M, and M, temperatures decrease with in- 
creasing copper content. The M, temperature is 
above 700°C at 3.48 pct Cu and below 700°C at 6.83 
pet Cu. 


2—The nodular eutectoid decomposition product 
is formed by a nucleation and growth process and 
proceeds rapidly to completion at temperatures 
above the M,. Complete transformation in 1 min is 
observed for the 6.83 pct Cu alloy isothermally 
transformed at 700°C. 


3—A lamellar eutectoid decomposition product is 
observed for the higher copper content alloys in the 
furnace-cooled condition. This structure is typical 
of the transformation product obtained by isothermal 
transformation at high temperatures (just under the 
eutectoid temperature), analogous to the coarse 
pearlite structures in steels. 


Summary 

The transformations of greatest interest in the 
Ti-Cu alloys in the composition range studied are 
those which involve the decomposition of the 6 
phase. Low temperature aging of the a phase by 
precipitation of Ti,Cu shows little promise of in- 
creasing strength by this process. Solid-solution 
strengthening of the a phase is effective but is 


limited to alloys containing less than 2.1 pct Cu. 
Strengths are increased at a rather slow rate by an 
increase in the quantity of Ti,Cu in a saturated a 
matrix produced by annealing below the eutectoid 
temperature. The maximum strengths which have 
been obtained in the hypoeutectoid alloys have been 
obtained by quenching from the £ field. Strengths of 
these martensitic structures increase almost directly 
with copper content at a rate of about 14,000 psi for 
each percentage of copper added. Hardness data in- 
dicate that slightly higher strengths, particularly in 
hypereutectoid alloys, can be produced by use of an 
oil quench in place of the water quench. The simi- 
larities in phase relationships which exist for the 
Ti-Cu alloys and Fe-C alloys are apparent in their 
microstructures. Eutectoid decomposition products 
produced by slow cooling or by isothermal trans- 
formation appear very similar to the nodular pear- 
lite structures found in steels. The desirable com- 
binations of properties obtained in tempered mar- 
tensite steels have not been produced in Ti-Cu alloys. 


Acknowledgment 

This work is part of a study of the effect of micro- 
structure on the properties of representative tita- 
nium alloys. 

The authors are grateful to Watertown Arsenal 
and the Ordnance Corps for permission to publish 
this information. The data presented in this paper 
were obtained on work done at Battelle Memorial 
Institute under Ordnance Contract No. DA-33-019- 
ORD-280. 

References 

+A. Joukainen, N. J. Grant, and C. F. Floe: Titanium- 
Copper Binary Phase Diagram. Trans. AIME (1952) 
194, pp. 766-770; JouRNAL oF MerTats (July 1952). 

°F. C. Holden, H. R. Ogden, and R. I. Jaffee: Heat 
Treatment, Structure, and Mechanical Properties of 
Ti-Mn Alloys. Trans. AIME (1954) 200, pp. 169-184; 
JOURNAL OF METALS (February 1954). 

°F. C. Holden, H. R. Ogden, and R. I. Jaffee: Micro- 
structure and Mechanical Properties of Iodide Tita- 
nium. Trans. AIME (1953) 19%, pp. 238-242; JouRNAL 
or METALS (February 1953). 


Technical Note 


Autoradiography Determination of the Self-Diffusion of Silver 


by Helmut Krueger and Herbert N. Hersh 


U SE of autoradiography in diffusion studies offers 
the advantage that no repeated sectioning 1s 
necessary and that the analyses are performed in a 
simple manner over the continuous range of pene- 
tration depths. As part of a program of solid-state 
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physics, it was desired to develop the autoradio- 
graphic method’ quantitatively for use in diffusion 
studies. Results are reported here for the self-diffu- 
sion of silver. Silver was chosen because the exist- 
ing data are good enough to evaluate the technique.” 

The silver used in this investigation was obtained 
in the form of % in. diam rods of polycrystalline 
material, 99.99 pct purity. The radioactive silver, 
Ag’ (8, vy), was obtained as the nitrate and con- 
verted to the chloride for use in a standard cyanide 
plating bath. The diffusion specimens were % 
in. lengths of the rod. They were mounted in bake- 
lite and the exposed circular face carefully ground 
and polished. Prior to electrodepositing radioactive 
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silver on the polished face, it was given a light po- 
tassium-cyanide etch and. then a reverse-current 
etch in the plating bath. Approximately one out of 
every 10° Ag ions in the solution was radioactive 
Ag’. The bakelite was removed subsequently from 
the specimens for the diffusion anneal. 

A tube furnace 40 in. long with a controlled tem- 
perature gradient was used for the diffusion anneal. 
Helium was passed through the furnace at a con- 
stant rate and protected the silver from oxidation. 
Careful measurements of the temperature profile by 
movable thermocouples made it possible to carry 
out the diffusion anneal of several specimens simul- 
taneously even though they were at different tem- 
peratures. Specimens were placed in alundum boats 
at different positions in the furnace and removed at 
different times and allowed to air cool. The tem- 
peratures at each position were recorded at regular 
intervals. Average temperatures were obtained by 
a method of exponential averaging,’ using the equa- 
tion, f* e*/"" dt = t exp(—E/RT,,.), and an approxi- 


mate value of E, 45,000 cal per mol. Possible errors 
in specimen position and thermocouples are esti- 
mated to cause an uncertainty of +3°C in the speci- 
men temperatures. There is a possible variation 
from furnace fluctuations of +1°C. The probable 
errors due to temperature uncertainties would cause 
deviations in the activation energy of less than 1 
pet. The method of exponential averaging elimi- 
nates any uncertainty in the time of diffusion, t, giv- 
ing the effective time at temperature. 

In order to make the autoradiographs, the speci- 
mens were first cut perpendicular to the plated sur- 
face (parallel to the diffusion direction) in the 
central plane of the rod. This procedure yielded a 
specimen which was a half cylinder. The exposed 
cross-section (the central plane) was ground and 
polished metallographically. Careful preparation of 
the surface is necessary because of the possibility of 
smearing from relatively active portions of the 
specimen. The final polishing was done therefore 
in a direction normal to the direction of diffusion. 
Then the resulting smooth surface was exposed di- 
rectly to the photographic film in a simple auto- 
radiographic camera for periods up to several weeks. 
The sensitive films from ordinary DuPont film- 
badge refills, which are sensitive to B-rays and also 
to y-rays, were used. In order to detect errors due 
to sectioning and polishing, further autoradiographs 
were prepared from the same samples after re- 
sectioning. 

The developed film, containing the photographic 
density-penetration profile, was scanned backwards 
and forwards parallel to the diffusion direction with 
a Leeds and Northrup recording microphotometer 
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Table |. Summary of Available Data 


Do, E, D1000°K; 
Sq Cm Cal per Sq Cm 
Investigators per Sec Gram-Atom per Sec 
Johnson‘ and Hoffman and 
Turnbull? 0.895 45,950 7.94 x 10-0 
Slifkin, Lazarus, and 
Tomizuka?2 0.351 43,693 9.64 x 10-11 
This investigation 0.835 44,900 1.22 x 10-10 
Kuczynski® 0.6 42,000 3.86 x 10-10 
Kuczynskié® 0.9 45,700 8.71 x 10-4 


which had a resolution width of 0.0083 cm. On the 
microphotometer chart, 2 in. correspond to 0.1 cm of 
film. By means of a previously measured linear re- 
lation between photographic density and 8-radiation 
intensity and the microphotometer conversion fac- 
tor, the microphotometer trace was converted into 
a radioactivity vs (penetration distance)” curve 

The darkening of the film is caused by both 6 and 
y-radiation. The 6-radiation comes from only a thin 
layer because of the high self-absorption of the sil- 
ver for B-rays. On the other hand, the self-absorp- 
tion for y-rays is quite small, so that y-radiation 
from the whole specimen is effective in darkening 
the film. The correction for the y contribution to the 
darkening was made by extrapolation of the long 
linear region of the curve which is quite removed 
from the diffusion zone and subtraction from the 
total activity. A semiquantitative estimate based on 
the relative yields of y and 6-radiation from Ag’? 
and their efficiency in darkening photographic film 
indicated that the correction was of the proper order 
of magnitude. The slope of the straight line which 
results is inversely proportional to the diffusion co- 
efficient. All distances were corrected for thermal 
expansion of the silver at the diffusion temperature 
and the shrinkage of the photographic film upon 
development. 

For the experimental configuration emplored in 
the present study, the theory of volume diffusion 
requires that the activity of diffusing substance vary 
exponentially as the square of the distance. Values 
of D were calculated from the measured slope of the 
log avs x* plot by means of the equation 
D = —4t(slope)™. Least-squares treatment of the 
straight line resulting from a plot of log D vs 1/T 
over the range 980° to 1150°K yielded the relation 
D = 0.834 exp (—44,900/RT). 

For the purpose of comparison, values of D, and 
E obtained by least-squares treatment of all the 
available previous data, are given in Table I, to- 
gether with computed values for D at 1000°K. It 
may be seen that the method used in this investiga- 
tion gives values in a reasonable agreement with 
other methods. 
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Chromium-Rich Portion of the Chromium-Nickel Phase Diagram 


by Charles Stein and Nicholas J. Grant 


A more complete determination of the chromium-rich portion of the Cr-Ni phase diagram 
was made, based in part on resistivity measurements. The existence of a eutectoid reaction 
at 1215°C, in addition to the previously reported eutectic reaction at 1343°C, was con- 
firmed. Metallographic studies, lineal analysis, and diffusion-couple evidence were utilized 
to support and extend the findings of the resistivity measurements. Delineation of the a 
chromium solvyus line shows that the maximum solubility of nickel in a chromium de- 
creases rapidly from 25 wt pct Ni at the eutectoid temperature to 16 wt pct Ni at 950°C. 


[ recent years alloys of high chromium and nickel 
content have become of more interest as better 
performance of metals at higher temperatures is 
sought. It has become increasingly important, there- 
fore, that the Cr-Ni binary diagram, which is com- 
posed of two of the elements commonly found in 
many high temperature alloys, be known more accu- 
rately. In particular, the chromium-rich portion of 
this diagram has for a long time remained incom- 
pletely determined and has been reported in the 
literature with a great deal of conflicting evidence. 

In general, electrolytic chromium of nominal purity 
was used by most of the earlier workers, who, except 
for Jenkins et al.,* made no further attempt to purify 
the metal. 

In the present redetermination of the chromium- 
rich portion of the Cr-Ni phase diagram, every effort 
was made to use the purest component metals avail- 
able and to retain this purity throughout the prep- 
aration of the alloys and their subsequent handling. 

Early work by Voss,’ Bain,* and Phebus and Blake* 
indicated that the Ni-Cr binary diagram was a 
simple eutectic system with rather extensive ter- 
minal solid solutions. Later, Nishigori and Hamasumi,’ 
Tasaki,° Weaver and Jellinghaus,’ Matsunaga,* and 
Jette, Nordstrom, Queneau, and Foote’ attempted to 
determine the limits of the phase fields. Except for 
Jette and coworkers, the other investigators agreed 
that the temperature of the eutectic reaction occurred 
between 1320° and 1340°C and at a composition of 
50 or 51 pct Cr. There was, however, considerable dis- 
agreement as to the melting point of the chromium- 
rich alloys and the limits of the solid-solution fields. 

As a result of the studies of Jenkins et al.,’ the 
liquidus and solidus curves up to 80 and 90 pct Cr, 
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respectively, were outlined. In addition, the solid- 
solution phase fields at higher temperatures had 
been investigated and showed only two phases. 

The boundary of the chromium-rich a phase was 
not determined precisely according to these authors, 
but indications were that it tended to confirm the 
earlier work of Nishigori and Hamasumi. 

A more recent investigation by Taylor and Floyd,”* 
using X-ray methods, essentially corroborated the 
diagrams proposed by Jenkins et al., and by Wise 
and Eash” (see Fig. 1). Again, no indication of a 
third phase in the chromium-rich portion of the 
diagram appeared. 

The earlier observations, however, are not sub- 
stantiated by the modifications to the Ni-Cr binary 
diagram proposed by Bloom and Grant.” In the in- 
vestigation carried out by Bloom and Grant, X-ray 
methods showed that an eutectoid reaction existed 
at approximately 1180°C, in addition to the eutectic 
reaction at 1343°C (see Fig. 1). Their determination 
of the melting point of pure chromium was 1930°C 
(later revised to 1903°C).” 


Experimental Procedure and Results 


The chromium used for this study was electrolytic 
chromium, made available by the United States 
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Fig. 1—Cr-Ni phase diagram showing the simple eutectic and the 
eutectic-eutectoid versions. 
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Fig. 2—Resistivity curves for alloy 65, 65.64 pct Cr-34.25 pct Ni. 


Bureau of Mines, the nominal composition of which 
was 99.5 pct Cr and the major impurity being oxygen. 
This chromium was crushed to a particle size of 20 
to 60 mesh and was purified by annealing at 1375°C 
for approximately 48 hr in a stream of dry hydrogen. 
The average oxygen content of the chromium was 
reduced thereby to approximately 0.02 pct.* The 


* A typical chemical analysis made on the chromium after an- 
nealing in dry hydrogen at 1300°C for 5 hr was reported by Put- 
man! to be 0.022 pct O, 0.006 pct Ni, and 0.006 pct Si. 


nickel used for the alloys was Mond nickel of 99.87 
pet nominal purity. 

The alloys were made from these purified com- 
ponent metals by charging them into a water-cooled, 
copper crucible, tungsten are furnace. All melting 
was done under an atmosphere of helium which was 
purified by passing the gas through tubes of anhy- 
drous calcium sulphate, anhydrous magnesium per- 
chlorate, and phosphorous pentoxide, then over hot 
platinized asbestos, and finally over titanium sponge 
heated to approximately 950°C. 

Before melting the charge, the arc furnace was 
alternately evacuated to the limit of a rotary oil 
pump and then flushed with the purified helium. 
This operation was repeated several times. The 
charge was melted; then the button was turned over 


and remelted several times, without breaking the 


seal on the furnace. Finally, a portion of each melt 
was sucked up into a 7 mm Vycor tube by the use 
of an aspirator bulb attached to the end of Vycor 
tubing and entering through the top of the furnace. 
This method was selected in view of the impossi- 
bility of producing small diameter bars suitable for 
resistivity measurements by such methods as casting 
or hot forging. 
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The average length of specimen thus produced, 
from a 150 g charge, was approximately 10 cm. Five 
centimeters of this length were used for resistivity 
measurements, the remainder being used for metal- 
lographic studies and chemical analysis. 

Chemical analyses are listed in Table I. 

Resistivity Measurements: Eleven specimens, ap- 
proximately 5 cm long by 7 mm in diameter and 
ranging in composition from 50 pet Cr-50 pct Ni to 
90 pet Cr-10 pct Ni, were prepared by the method 
outlined previously for resistivity measurements. 

Four wires were spot welded onto the resistivity 
specimens to act as current and potential leads. At 
first, pure nickel was used for these lead wires in 
order to decrease the contamination of the speci- 
mens, especially at elevated temperatures. However, 
this limited the temperature of investigation to that 
of 1343°C, the reported eutectic temperature. Later, 
pure molybdenum leads were used to delineate the 
phase diagram at the higher temperatures. 

The specimens were supported between alumina 
disks, which were used as heat shields. A Pt—Pt-10 
pet Rh thermocouple was used for temperature 
measurements. The entire apparatus was sealed in 
a double-wound platinum furnace, and all resistivity 
measurements were made while the samples were 
in a purified helium atmosphere. Each specimen was 
annealed in the furnace, under helium, and allowed 
to furnace cool before resistivity measurements were 
made. 

The temperature over the test specimen length 
did not vary by more than +1° at 1300°C. The varia- 
tion in resistance thus produced was within the 
accuracy of the double Kelvin bridge” on which the 
resistivity measurements were made. As stated by 
the manufacturer, the accuracy of this bridge is +0.1 
pet between 0.002 = and 1 =, and proportionately 
less below 0.002 =. This permits a reading accurate 
to +2x10° = in the range employed for this study. 

In order to approach as close to equilibrium condi- 
tions as possible, the samples were heated and cooled 
at rates not exceeding 2°C per min. In addition, to 
further ensure the attainment of equilibrium at each 
point, the temperature was held constant for ap- 
proximately 3 min before a resistivity measurement 
was taken. For some specimens, there was a critical 
temperature range between 800° and 1100°C where 
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Fig. 3—Resistivity curves for alloy 65 (note expanded resis- 
tivity scale), 65.64 pct Cr-34.25 pct Ni. . 
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Fig. 4—Resistivity curves for alloy 68, 68.03 pct Cr-31.77 pct 
Ni. Pure nickel leads. 


heating rates in excess of 1.0°C per min no longer 
resulted in equilibrium. Consequently, these speci- 
mens were held at temperature in this critical range 
until there no longer was any change in resistance 
with time. 

Figs. 2 to 6 show typical temperature vs resistance 
curves for four of the alloys. 

If resistivity measurements are taken during the 
annealing treatment, as was done on alloy 65, the 
results would be similar to that shown in curve A, 
Fig. 2. Between 550° and 800°C, there is a sharp 
dip in the curve, then the curve rises steeply, breaks 
at 1218° and 1300°C, and then rises sharply again. 
After this specimen had been furnace cooled and 
heated a second time, the sharp dip between 556° 
and 800°C failed to reappear in spite of the fact that 
the alloy had been held at temperature, several 
times, to ensure the attainment of equilibrium. Since 
the break in the curve is nonreproducible on sub- 
sequent cooling or heating, it is unlikely to be due 
to a phase change. This nonreproducible dip in the 
annealing curve appeared in every alloy so treated 
(see, for example, Figs. 4 and 6). When a high tem- 
perature X-ray camera was used on alloy 85, the y 
nickel lines grew in intensity as the temperature was 
increased through the 550° to 800°C temperature 
range. This suggests that the rapid quench from the 
melt has supersaturated the chromium matrix with 
nickel. The precipitation of this excess nickel phase 
between 550° and 800°C results in an increase in 
the y nickel X-ray lines and a decrease in the resist- 
ance of the alloy. 

Other heating cycles of alloy 65 reproduced the 
two breaks in the curve occurring at the higher tem- 
peratures. An enlargement of the upper portion of 
this curve is shown in Fig. 3 where the reproduc- 
ibility of these two breaks is demonstrated by a 
second cooling and two reheating cycles. The average 
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Table |. Chemical Analysis of Alloys Prepared in Arc Furnace 
by Aspirator Method* 


Alloy 
No. Pct Ni Pct Oo Pct No Pet C Pet Si Pet Crj 
100 0 0.255 99.53 
90 9.60 0.212 0.612 0.01 0.600 88.97 
85 15.36 0.038 0.193 0.142 84.25 
82 17.73 — 82.27 
80 18.08 0.053 0.0001 — 0.144 81.72 
75 25.12 0.073 0.0067 —_ 0.08 74.72 
72 27.40 0.056 0.0014 — 0.245 72.30 
68 31.77 0.151 0.0011 0.02 0.025 68.03 
66 34.32 — — 0.02 0.032 65.63 
65 34.25 — —_— 0.05 0.065 65.64 
64 35.4 — 64.6 
50 49.46 0.119 0.02 —_— 0.06 50.32 
0 99.6 0.0045 0.0007 0.09 0.01 = 


* Oxygen and nitrogen content determined by vacuum fusion 
method. 

7 Analysis made for nickel, oxygen, nitrogen, carbon, and silicon. 
Chromium content given as the balance. 


temperatures of these breaks in the curves are taken 
as and 132626: 

The wires used on alloy 68 (Fig. 4), the proposed 
eutectoid composition, were pure nickel. This speci- 
men had been annealed at 510°C for over 1 hr be- 
fore resistivity measurements were started. It is 
evident that the rate of precipitation of nickel from 
the supersaturated chromium phase is extremely 
slow below 800°C and that annealing at 510°C for 
100 min did not permit equilibrium to be achieved. 
Therefore, on reheating this alloy after the anneal- 
ing treatment, the resistivity curve shows the dip 
between 600° and 800°C. While some nickel had pre- 
cipitated on annealing at 510°C, the supersaturated 
chromium did not reject the balance of the excess 
nickel phase until a temperature in excess of ap- 
proximately 600°C had been reached. Above 1340°C, 
the curve rises sharply, indicating that melting at 
the junction of the lead wires with the specimen had 
taken place. Between 1220° and 1340°C no break 
occurs in the curve, indicating that phase boundaries 
between these two temperatures were not crossed. 
The cooling curve and second heating curve cor- 
roborate this finding. This alloy therefore was chosen 
as the eutectoid composition; the choice was sub- 
stantiated later by lineal analysis results. 

After 1340°C had been reached on the first heat- 
ing cycle, the specimen was cooled and resistivity 
measurements were taken from 1340° to approxi- 
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Fig. 5—Resistivity curves for alloy 80, 81.72 pct Cr-18.08 pct Ni. 
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Table Il. Transition Temperature From Resistivity Measurements 


Chemical Analysis Transition Phase Remarks: 
Alloy Temperature, Boundaries Annealing Temperatures, 

No. Pct Cr Pct Ni °C Crossed Heating and Cooling Rates 

50 50,32 49.48 1220 a+yl|l|B+y7 Annealed, 1300°C; cooling rate 1.5°C per min 

64 64.6 35.4 1220 Annealed, 1275°C for1.5 hr 

66 65.63 34.32 1213 Second heating: 2°C per min; second cooling: 
1327 B+y7\|8 2°C per min; third heating: 1°C per min_ 

65 65.64 34.25 1215 aty||Bry First heating rate: 2°C per min; second heating 
1330 8 rate: per main) 

68 68.03 31.77 1220 a+ Annealed 510°C, 100 min; second heating rate: 

1°C per min; first cooling: 2°C per min — 

72 72.3 27.4 1212 a+y \la + B Annealed 1100°C, 1 hr; first and second heating 
1246 a+ rates: 1°C per min 

75 74.72 25.12 1218 a+l|la+ 8B Annealed 1100°C; first heating: 1°C per min; 
1279 a first cooling: 2°C per min 

80 81.72 18.08 1130 atylle Annealed; first and second heating rates: 1°C 

per min : 

82 82.27 17.73 1120 at+ylle Annealed 900°C, 5 hr; first, second, and third 
1272 alla + B heating rates: 1.5°C per min 

85 84.25 15.36 800 a+ylle Annealed 1100°C, 1 hr; first heating rate: 1°C 
1325 alla+B per min 

90 88.97 9.60 543 at+ylle Annealed 1100°C, 1 hr; first heating rate: 2°C 


per min; first cooling and second heating: 
1°C per min 


mately 500°C. The rate of cooling in the critical 
range near the transition temperature was approxi- 
mately 2°C per min. This was fast enough to sup- 
press the eutectoid reaction by 55°. In the lower 
temperature ranges, however, where the rates of 
cooling and heating are not quite as critical, the 
points on cooling at 2°C per min coincide with those 
of a second heating curve made at approximately 
1°C per min. With the slower heating rate, the 
eutectoid reaction is again found to take place at 

Attainment of equilibrium in the range below the 
transition temperature is illustrated in Fig. 5 for 
alloy 80. On the first heating cycle after annealing 
the specimen, the alloy was held at five different 
temperatures for various times until there no longer 
was any change of resistance with time. It there- 
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Fig. 6—Resistivity curves for alloy 80, 82.27 pct Cr-17.73 pct Ni. 
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fore was assumed that, at temperatures above the 
last point of holding, the alloy would continue to be 
in equilibrium. The substantiation of this assump- 
tion is shown by the exact reproduction of the break 
in the curve occurring at 1130°C when heating this 
specimen a second time at the same rate in the 
critical range. 

’ Fig. 6 for alloy 82 shows three heating curves in 
which three breaks in the curve are reproduced. In 
curve A the breaks occur at 1125°, 1265°, and 
1350°C. When the specimen had been furnace cooled 
and reheated at approximately the same rate, the 
breaks in the curve occurred at 1115° and 1275°C. 
The last transition temperature was not indicated, 
since one of the molybdenum lead wires broke. The 
specimen therefore was furnace cooled, new molyb- 
denum lead wires were welded on, and the specimen 
was reheated for a third time. These results are 
shown in curve C of this figure where breaks in the 
curve are noted at 1120°, 1275°, and 1375°C. The 
average values for these transition temperatures 
therefore are taken as 1120°, 1272°, and 1363°C. 

Table II is a summary of the test results of re- 
sistivity vs temperature for the 11 different alloys. 
The resulting equilibrium diagram, drawn from the 
transition points appearing in the resistivity vs tem- 
perature curves, is shown in Fig. 19 and will be 
discussed subsequently. 

Metallographic Studies: From the original 10 cm 
length of sample sucked up from each melt, small 
pieces were cut off for metallographic studies. 
Eleven compositions, ranging from 90 pct Cr-10 pct 
Ni to 50 pet Cr-50 pct Ni, were quenched from three 
different temperatures, 1300°, 1250°, and 1180°C, 
into different quenching media. The annealing times 
at temperature were 5, 23, and 26 hr, respectively. 
Specimens quenched from the lower two tempera- 
tures were annealed in a horizontal globar furnace 
under a flow of purified helium. Quenching was 
achieved by quickly sliding a porcelain boat con- 
taining the specimens out of the furnace and into 
the quenching medium. In order to retain the phases 
existing at the elevated temperatures, a faster method 
of quenching was required. This was accomplished 
by building a special apparatus in which the speci- 
mens were treated in a pure helium atmosphere and 
were quenched in a timed interval of less than 0.5 
sec. 

The results of the heat treatments are seen in 


some typical micrographs, Figs. 7 through 15. For 
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Fig. 7—68.03 pct Cr-31.77 pct Ni, 


nealed 5 hr at 1300°C, brine quench. nealed 5 hr at 1300°C, brine quench. 
a’ chromium. X500. 


Fig. 10—81.72 pct Cr-18.08 pct 


a chromium. X500. 


an- Fig. 8—64.6 pct Cr-35.4 pct Ni, an- 


a’ chromium (dark phase) and y nickel 
(light phase). X500. 


Fig. 9—50.32 pct Cr-49.48 pct Ni, an- 
nealed 5 hr at 1300°C, brine quench. 
a chromium (dark phase) and vy nickel 
(light phase). X500. 


4.32 pct Ni, an- Fig. 12—50.32 pct Cr-49.48 pct Ni, an- 
nealed 23 hr at 1250°C, liquid N, quench. nealed 23 hr at 1250°C, liquid N., quench. nealed 23 hr at 1250°C, liquid N. quench. 


a’ chromium (dark phase) and vy nickel o chromium (dark phase) and vy nickel 
(light phase). X500. 


(light phase). X500. 


Fig. 13—81.72 pct Cr-18.08 pct Ni, an- Fig. 14—68.03 pct Cr-31.77 pct Ni, an- Fig. 15—50.32 pct Cr-49.48 pct Ni, an- 


nealed 26 hr at 1180°C, brine quench. nealed 26 hr at 1180°C, brine quench. nealed 26 hr at 1180°C, brine quench. 


a chromium. X500. 


convenience, Table III gives a summary of the alloys 
treated, the annealing temperature, time at tem- 
perature, quenching media, and the phases present. 
The specimens were prepared for micrographs by 
mechanically polishing and etching with hot con- 
centrated hydrochloric acid. 

In a few of the micrographs presented, carbide, 
nitride, or oxide particles appear and may be iden- 
tified as white grain-boundary particles, long needles, 
and dark angular particles, respectively. 

The metallographic study clearly delineated the 
boundary between the f and the 8 + y fields, the 
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a chromium (dark phase) and y nickel a chromium (dark phase) and vy nickel 
(light phase). X500. 


(light phase). X500. 


boundary between the a and the a + y fields, and 
the eutectoid reaction. 

The delineation of the a + 8 boundaries was not 
clear from metallographic evidence. For example, 
alloy 82 quenched from 1300°C, and alloy 75 
quenched from 1250°C, appear to be single phases, 
while supposedly in a two-phase field. 

This apparent anomaly may be explained by these 
two facts 1—The 8 chromium which formed during 
annealing in the two-phase field a + £ probably 
transformed to the a chromium phase on quenching 
from the elevated temperature. 2—-The a + £ phase 
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Fig. 16—Microstructure and Knoop hardness across a diffusion 
couple annealed for 1 week at 1300°C in helium, ice brine quench. 
Micrograph at X35. Area reduced approximately 35 pct for repro- 
duction. 
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Fig. 17—Microstructure and Knoop hardness across a diffusion 
couple annealed for 2 weeks at 1180°C in helium, ice brine quench. 
Micrograph at X35. Area reduced approximately 35 pct for repro- 
duction, 


field may be even narrower than that shown by 
resistivity measurements, making it difficult to an- 
neal a specimen at the correct temperature to show 
the two- phase s tm ucture. 

1 Couples: In order to demonstrate 
it a t elevated temperatures 
in the Cr-Ni binary system, a diffusion couple was 
made using pure chromium and pure nickel as com- 
ponent parts (for chemical ana Ss see Table I). 
The two metals were carefully und fiat, tied to- 
sether with pure nickel wire, and Sue nnealed for 169 


hr (approximately one week) at 1300°C, in purified 
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helium. The couple was quenched into ice brine and 
then mechanically polished and etched with hot con- 
centrated hydrochloric acid. Knoop hardness read- 
ings were then taken across the diffusion zone. Fig. 
16 shows a micrograph taken across the diffusion 
zone and the corresponding hardness curve across 
the field. The micrograph shows quite clearly that 
three different phases exist at elevated temperatures 
in the Cr-Ni binary system. Indeed, the Knoop hard- 
ness readings taken across the e’ chromium phase 
field show that this intermediate phase has vastly 
different properties than either the a chromium or 
the y nickel phases into which it decomposes. The 
Rc hardness values converted from the Knoop values 
show the maximum hardness of the e’ chromium to 
be approximately Rc 79, and the average about Rc 
77, suggesting that the e’ phase may be a martensitic 
phase. 

A second diffusion couple was made to demon- 
strate that the eutectoid temperature lies above 
1180°C. This couple was made by reacting pure 
chromium and Mond nickel under purified helium 
for 368 hr (approximately two weeks) at 1180°C 
and quenching into ice brine. After mechanically 
polishing and etching with hot concentrated hydro- 
chloric acid, Knoop hardness readings were taken 
across the diffusion zone. Fig. 17 shows a micrograph 
of this diffusion zone and the corresponding hardness 
values. The existence of only two phases is clearly 
shown 

Lineal ome ysis: Verification of the limits of the 
a + y and 8 + y phase fields found by resistivity 
measurements was achieved by lineal analysis taken 
on five specimens quenched from 1180°C and on four 
specimens quenched from 1250°C. 

Table IV lists the alloys used in the lineal analysis, 
the quenching temperature, the volume percentage 
of y nickel found for each alloy, and the limits of 
the two phase fields. These data are plotted in Fig. 
18. According to the lever law, the weight fraction 
of the chromium phase is linearly proportional to 
the composition. The volume fraction is not linearly 
related to the composition nor to the weight fraction, 
but this would be a good first approximation if the 
densities of the chromium and nickel phases were 
about the same. Making this approximation, straight 
lines were drawn through the points of Fig. 18 and 
extrapolated to meet the 100 and 0 pct y nickel hori- 
zontals. The intersection of — straight lines give 
the limits of the ea + y» and 8 +- y phase fields at 
1180° and 1250°C, respectively. 

Putman,“ from lineal analysis work on Ni-Cr 
alloys, showed that the difference between the 


VOLUME % Y=NICKEL 


WEIGHT CHROMIUM 


Fig. 18—Lever law relationships from lineal analysis data to 
establish chromium — limits for the « + y field at 
1180°C and for the 8 + ¥ field at 1250°C. 
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Table III. Description of Micrographs* 


Alley’ Chemical Analysis Annealing Time at Number Description 
No. Pet Cr Sle; Tempera- Tempera- Quenching Magnifi- of of 
c i ture, °C ture, Hr Medium cation Phases Phases 
1300 5 Liquid Ne 100 1 — chromium 
82 1300 5 Liquid Ne 500 1 a — chromium 
1300 5 Liquid Nez X500 
1300 5 Liquid N2 500 1 a’ — chromium 
68 68.03 ae 1300 5 Liquid Ne 500 1 a’ — chromium 
1300 5 Brine X500 1 a’ — chromium 
64 64.6 art 1300 5 Brine X500 1 a’ — chromium 
1300 5 Brine X500 2 a’ — chromium + 
— nickel 
50 50.32 49.48 1300 ‘53 Brine X500 2 a’ Et chromium + 
— nickel 
1250 23 Liquid Nz X100 1 a chromium 
1250 23 Liquid Nz 1 a — chromium 
1250 23 Liquid N»2 X500 1 a — chromium 
74.72 25.12 1250 23 Liquid X500 = 
72.30 27.40 1250 23 Liquid Nez 500 
1250 23 Liquid Ne 1 a’ — chromium 
.63 34.32 1250 23 Liquid Nz X500 2 a’ — chromium + 
— nickel 
64 64.6 35.4 1250 23 Liquid N»2 X500 2 a’ wt chromium + 
— nickel 
50 50.32 49.48 1250 23 Liquid Ne 500 2 a’ ee chromium + 
— nickel 
84 84.25 15.36 1180 26 Brine 500 il a a chromium 
82 82.27 7273, 1180 26 Brine 500 1 a — chromium 
80 81.72 18.08 1180 26 Brine 500 1 a — chromium 
72 72.30 27.40 1180 26 Brine 500 2 a — chromium + 
7 — nickel 
68 68.03 31.77 1180 26 Brine X500 2 a —chromium + 
— nickel 
65 65.64 34.25 1180 26 Brine 500 2 a — chromium + 
— nickel 
50 50.32 49.48 1180 26 Brine X500 2 a —chromium + 
7 — nickel 


* All specimens were mechanically polished and etched with concentrated hydrochloric acid. 


densities of the a chromium and the y nickel is 
reasonably small, especially at the higher tempera- 
tures where the solid solutions are closer in com- 
position. Because no more than three traverses were 
made on each alloy listed in Table IV, further cor- 
rection for the difference in densities of the solid- 
solution phases was not thought necessary, since the 
approximation was within the limits of experimental 
error. 

The limits of the a + y phase field at 1180°C and 
of the 8 + y phase field at 1250°C, found by lineal 
analysis, are 79 and 44.5 pct Cr, and 68 and 46 pct 
Cr, respectively. These limits are superimposed on 
the phase diagram appearing in Fig. 19 where a 
comparison with the limits of the phase fields found 
by resistivity measurements can be made. 


Summary and Conclusions 
The experimental evidence obtained through re- 
sistivity measurements, substantiated in part by 
metallographic work and more fully by lineal anal- 
ysis and work with diffusion couples, has delineated 


Table IV. Lineal Analysis 


Chemical Analysis Total Num- Volume 
ber of Pet vy 
Pct Cr Pet Ni Counts Nickel 


Specimens Quenched From 1250°C 


Limits of the 8+ y Phase Fields; 68 Pct Cr and 46 Pct Cr 


49.48 10,267 78.27 
eae 35.4 10,427 19.54 
65.64 34.25 16,295 8.01 
65.63 34.32 10,259 10.05 


Specimens Quenched From 1180°C 


Limits of the a+ Phase Fields; 79.0 Pet Cr and 44.5 Pet Cr 


49.48 9,073 82.05 
anes 34.25 10,471 39.64 
68.03 31.77 10,175 32.53 
72.30 27.40 11,366 20.85 
74.72 25.12 11/193 11.56 
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the chromium-rich portion of the Cr-Ni equilibrium 
diagram (see Fig. 19). 

A comparison of this diagram with the Cr-Ni 
diagram determined by Wise and Eash” (see Fig. 1) 
shows several important differences. In addition to 
the eutectic reaction determined by Wise and Eash 
at 1343°C, the present work indicates that a eutec- 
toid reaction occurs at 1215°C, between a high tem- 
perature chromium phase, §, and two solid solu- 
tions, a chromium and y nickel. 

The solvus lines of the chromium-rich alloys de- 
termined in both of these investigations have similar 
shapes; however, resistivity measurements and lineal 
analysis from the present work show that, in gen- 
eral, the solubility of nickel in chromium is higher 
than that reported in the earlier work. : 

The transition in pure chromium, from the a to 
the 8 phase, was determined by Bloom and Grant 
to be 1840°C (see Fig. 1). A comparison of the phase 
diagram proposed by these authors and that of the 
present work shows that the two are very similar. 
However, the eutectoid composition of 65 pct Cr 
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Fig. 19—Proposed Cr-Ni phase diagram based on the current work 
and on two recent versions. 
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reported from.the X-ray diffraction work of Bloom 
and Grant has been adjusted to 68 wt pet Cr based 
on resistivity measurements and on lineal analysis. 

The maximum solubility of nickel in chromium, 
as determined in the present work, decreases rapidly 
between 1215° and 1100°C, where it is 25 and 18 pct 
Ni, respectively. Below 1100°C, the solubility of 
nickel in a chromium changes but little. 

The thermal analysis work of Jenkins, Bucknall, 
Austin, and Mellor’? on alloys rich in chromium 
showed anomalous breaks in the curves at 950°C 
on cooling and at 1100°C on heating. This tempera- 
ture range is approximately the one determined by 
resistivity measurements to be the critical range 
wherein heating or cooling rates in excess of 1.5°C 
per min no longer results in the attainment of equi- 
librium conditions. This critical heating and cooling 
rate probably occurs due to the very sharp change 
in the solubility of nickel in a chromium in this 
temperature range, as just discussed. 

In addition to the boundaries determined in this 
work, selected values from the work of Bloom and 
Grant and Wise and Eash were taken to form a 
proposed Cr-Ni phase diagram, as shown in Fig. 19. 
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Technical Note 


Stress Analysis of a Single Crystal in Pure Torsion 


by Norman Brown 


T has been observed that a hexagonal-close-packed 
crystal will undergo the same macroscopic dis- 
placements as an isotropic material if the basal plane 
is perpendicular to the axis of twist.’ Other orienta- 
tions may produce both bending and twisting, but 
this analysis will be confined to pure torsion of a 
right circular cylinder. The z axis, the axis of twist, 
and the specimen axis are coincident. The displace- 
ments are given by 


U.=yrz,U,=U,=90 [1] 


where uw is the angle of twist per unit length. This 
requires rotational slip, as discussed by Frank® and 
Wilman,* which may be observed readily. The 
relative rotation of adjoining slip planes is simply 
produced by a movement of a planar grid of screw 
dislocations.** The screw dislocations are of the same 
sign and they move radially inward. For hexagonal- 
close-packed metals, the grid is hexagonal and the 
screw dislocations lie in the < 2110 > directions. 
The displacement of a point is the resultant of 
two displacements produced by intersecting screws 
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sweeping over the point. The dislocations must pass 
over the point (7, 6) in such a manner that its re- 
sultant displacement corresponds to the observed 
macroscopic displacement. If @ is measured from 
the [1010] direction, then for 0 < @ < z/3, only the 
[1210] and [2110] type screw dislocations are needed 
to produce the required displacement. If n, screws 
of type [1210] and n. of type [2110] pass over a 
point, then, in order that U, = 0 


nm, Sin 6 — n, sin (7/3 — 0) = 0. [2] 


If the tangential displacement is to be independent 
of 6, then 


COs + n. (7/3 — 6) = N [3] 


where N is independent of @ and thus depends only 
on r. Nb is the tangential displacement where b is 
the Burgers vector. Since U, is a linear function of 
r, then N must be a linear function of r. If a, is the 
outer radius and a, is the inner radius to which the 
plastic deformation has extended, then 


(r a.) 
N = 
(a, — [4] 


This function meets the conditions that at 
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r= a; N = Na 
N= 0. 


For r < a, the deformation is still] elastic. 

The stress to produce plastic deformation will be 
calculated from energy considerations. The external 
work in the plastic range equals the work to move 
the dislocations plus the increase in elastic strain 
energy of the inner core. The elastic contribution 
may be neglected by considering that part of the 
torque, T,, necessary to twist the outer plastic shell. 
Let the external plastic work be given by 


dx 


where x, is the angle of plastic twist per unit length. 
In terms of the stress, the external work is 


It is noted that 


The work to move a single dislocation is given by 
the theorem that the work is equal to the force per 
unit length acting on the dislocation time the area 
swept out by the dislocation.’ The incremental work 
for (n, + n.) dislocations to sweep out an increment 
of area is given by 


F, (% + n.) rdrdé 


where F, is the force per unit length. This force de- 
pends on the state of the metal. The total work in 
moving dislocations is given by 


dg 
ir 2 F, (n, + n.) rdrdé [7] 


(m + n.) is obtained from solving Eqs. 2 and 3 and 
bringing in Eq. 4. 


N sin (7/3 — 0) 


sin 7/3 
Na (rT — sin (7/3 — 8) 8] 
(a, — d,) sin 7/3 
N sin 6 Na (7 — sin 


== [9] 


sin 7/3 (a, — a,) sin 7/3 


Entering Eqs. 8 and 9, Eq. 7 becomes 


6 ee FoNas 
——— 


sin 7/3 (d.— 
[sin (7/3 — 6) + sin@] (r—a,) rdrdé. [10] 


Symmetry permits the change in the limits of inte- 
gration of 6. Since the external plastic work is equal 
to work in moving the dislocations, Eq. 10 is joined 
to Eqs. 5 and 6 by 


2 


(r— a4) 
r 


( 
0 


a 
Suds 
0 — a1) 


sin 7/3 


[sin (7/3 — 0) + sin (r—a,) rdrdg@. [11] 
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Table |. Dependence of Yield Stress in Torsion on Crystal Lattice 


Type of Crystal Slip System G4fe 

Hexagonal-close-packed <2110> (0001) 23/9 
Face-centered-cubic <110> {1115 2/3/n 
Body-centered-cubic 110 {110} 2\/3/9r 


7»: is to be evaluated in terms of F,. Considering only 
incipient yielding in a very thin shell, work hard- 
ening may be neglected. Therefore, F, may be taken 
outside the integral sign and 7,. is independent of x. 
Therefore 


F, Naz 6 


[sin (7/3 — #) + sin 6) 


sin 7/3 
dé (r—a,) rdr. [12] 
The integral 


hi [sin (7/3 — 6) + sin 6] dé = 1. [13] 


Thus, the term 6/(sin 7/3) is related to the geometry 
of the dislocation grid, which in turn, depends on 
the crystal structure. Eq. 12 becomes 


6F, 
b= [14] 
sin 7/3 


or 
b 


But F./b is equal to 7., the resolved shear stress.‘ 
Therefore, a hexagonal-close-packed crystal with 
basal plane perpendicular to the twist axis yields 
when 


Te 


It is interesting to calculate how the result varies 
with crystal structure. The only change comes in 
the crystal structure factor (Eq. 13), which depends 
on the geometry of the dislocation grid. The results 
for the common crystal structures are given in Table 
I where the slip plane is perpendicular to axis of 
twist. 


For an isotropic medium zd 
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Na, b 
2179, (r—a,) dr: 
* 
—— = 1.1. 
Ta- 


Solubility and Decomposition Pressures of Hydrogen in 
Alpha-Zirconium 


Thermodynamic information on the solubility of hydrogen in exothermic metals is lim- 
ited. Thus, the overall solubility decreased as the temperature rose, which suggests 
the heat of solution of hydrogen in the metal is negative; yet the terminal solubility in the 
metal phase increased, which suggests an endothermic reaction. A thermodynamic analy- 
sis, therefore, was made of the several equilibria involved when hydrogen dissolved in the 
metal. Equations were derived expressing the solubility, terminal solubility, and decompo- 
sition pressures of hydrogen in terms of the heat, entropy, and free energy of solution of 
hydrogen in the given phase. The relations between the thermodynamic functions for the 
a-zirconium and d-hydride phase were developed. 

The thermodynamic quantities were determined experimentally by the measurement of 
the decomposition pressures over a broad composition and temperature range. Two new 
methods of analyzing the experimental data were developed for determination of the ter- 


minal solubility. 


TUDIES* * of the impact strength of zirconium at 

room temperature indicated that smali quantities 
of hydrogen, of the order of 10 parts per million, 
embrittles the metal. Micrographic* and X-ray dif- 
fraction® studies showed this embrittlement to result 
from the precipitation of a second phase upon slow 
cooling. These studies suggested that the terminal 
solubility of hydrogen in the metal phase increased 
with increase of temperature. This behavior ap- 
peared to contradict the effect of temperature on 
exothermic hydrogen occluders such as zirconium. 
For these metals, the solubility of hydrogen should 
decrease with increase of temperature. Before these 
facts could be understood, a thorough analysis of the 
several equilibria was essential. 

It was the purpose of this paper to consider the 
several equilibria involved when hydrogen was re- 
acted with zirconium from both the theoretical and 
experimental points of view. Since the overall solu- 
bility of hydrogen in the metal has been considered 
by a number of workers,* * it was proposed to study 


~ 


the composition range 0 to 6 atomic pct H in detail. 


Literature 
Schwartz and Mallett’ determined the terminal 
solubilities of hydrogen in the metallic phase from 
diffusion studies. They extrapolated concentration- 
penetration curves to the boundary between the solid 
solution phase and the hydride phase at the surface. 
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Their results showed values of 2.6 atomic pct at 
400°C and 5.2 atomic pct at 500°C. Extrapolations 
of the data to room temperature suggested very low 
values for the terminal solubilities. This study con- 
firmed the hydrogen embrittlement results and indi- 
cated that the terminal solubilities increased as the 
temperature was raised. 

The solution of hydrogen in zirconium over the 
complete concentration range was studied by Hall, 
Martin, and Rees‘ and by others.** The results showed 
that hydrogen was absorbed up to a maximum com- 
position of 66-atomic pct or ZrH,.. This composition 
represented the e-hydride phase. The maximum 
amount of hydrogen absorbed increased with pres- 
sure and decreased with temperature. Due to this 
temperature behavior, zirconium was classed as an 
exothermic occluder. 

In 1930 Hagg* studied the crystal structures of the 
Zr-H alloys over a broad composition range. Four 
hydride phases were found. However, the range of 
homogeneity of the several phases was not studied. 
Gulbransen and Andrew* recently studied the phase 
diagram of this system by X-ray diffraction methods 
and by a thermodynamic method based on decom- 
position pressure measurements. The results showed 
that only two hydride phases existed for lew tem- 
peratures, the 6 and the «-phases of Hagg.* Both 
phases had broad regions of homogeneity. The lower 
limit of the two-phase region of a and 8-phases sug- 
gested a terminal solubility of 4 atomic pct at 500°C. 
This value was in agreement with the results of 
Schwartz and Mallett+ 

To avoid hydrogen embrittlement at low tempera- 
tures, it was necessary to heat the metal in high 
vacuum at elevated temperatures. To choose the 
conditions of temperature and high vacuum, it was 
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essential to know the equilibrium decomposition 
pressures as a function of temperature and concen- 
tration. Schwartz and Mallett? have obtained pre- 
liminary values of the decomposition pressures by 
extrapolation of the absorption measurements of 
Hall, Martin, and Rees.’ However, a comparison of 
these estimated values with the experimental ob- 
servations of Gulbransen and Andrew’ at 500°C for 
a 4.3 atomic pct alloy showed the extrapolated values 
to differ from the experimental values by a factor 
of 100 to 1000. It appeared that the present under- 
standing of the behavior of hydrogen in metals was 
not adequate as a basis for extrapolation. 


Theory 


The solubility of hydrogen in metals was treated 
briefly by Fowler and Guggenheim‘ from the point 
of view of the contribution of the hydrogen atoms 
in the metal lattice to the grand partition function. 
Semiquantitative agreement was obtained for the 
overall solubility at high pressures and high tem- 
peratures. Since the crystal structure factor was 
neglected, no predictions were possible for the com- 
position range of interest here. 

Recently a paper has appeared by Rees’ on the 
statistical mechanics of two-component interstitial 
solid solution. These equations have been applied by 
Martin and Rees” to an interpretation of the overall 
solubility of hydrogen in zirconium. 

In this section the general application of thermo- 
dynamic principles to the several equilibria will be 
considered. The object of such a treatment was to 
express (in terms of fundamental thermodynamic 
quantities) the normal solubility, decomposition 
pressure, and the terminal solubilities of hydrogen 
in the metal phase. These thermodynamic quantities 
could be determined experimentally or from statis- 
tical thermodynamic considerations. 

Preliminary: The dissolution of hydrogen in the 
a and 6-hydride phases of zirconium was given by 
the equations” 


1% H.(gas) = H (dissolved in a-Zr) [1] 
and 
H,(gas) = H (dissolved in $-phase). [2] 
The equilibrium condition was given by 


and 
Fx Fue. [4] 


Here, Fu,igas) refers to the free energy of hydrogen in 


the gas phase and oe and Fy, refer to the partial 
molar free energy in the a and $-phases. Although 
the hydrogen atoms could be dissociated in the metal 
in the form of ions and electrons, it was assumed 
for the authors’ purpose that hydrogen existed as 
atoms in the lattices. 

Since the gas phase was ideal for these conditions, 
the authors set™ 


Here, F°x was) refers to the molar free energy of hy- 
drogen at unit pressure and pr, was the pressure of 


hydrogen. 

The effect of concentration of hydrogen in the 
metal or hydride on the partial molar free energy 
- was then considered. To do this, the authors set 
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Here, Ss was the partial molar entropy of number 
and position. F°, was the standard partial molar 
free energy and was the value of Fx when S, ae 

Hy was assumed to be invariant with composition 


for a given phase and the change in Sy with com- 
position was due solely to the entropy of number 
and position. 

S, was derived from statistical considerations, pro- 
vided that the number and location of the hydrogen 
atom sites were known. For both the a-phase and 
the two hydride phases, the hydrogen atoms occupy 
tetrahedral interstices of which there were two for 
each zirconium atom.’ 

The problem was to express the entropy of num- 
ber and position of Ny hydrogen atoms arranged in 
N, sites. If a random distribution was assumed, the 
entropy expression was 


N,! 
7 
2 (71 


The corresponding partial molar entropy term was 


OS, Na 
= —R In ——_—_.. [8] 
N, —, Nu 
Substituting in Eq. 6 gives the expression 
= 
H H 


If F°, = H°y — TS°x is now substituted, the follow- 
ing is obtained 

are N 


8 H 


Here, H°,, was the standard partial molar heat of 


formation and S°x was the standard partial molar 
entropy of formation. This equation corresponded 
to the more familiar free energy equation if the 
term Nyu/(N,— Nu) was replaced by the mol frac- 
tion or concentration. It follows from Eqs. 6 and 8 
through 10 that the standard reference state for hy- 
drogen was defined for each phase separately but 
would correspond to the state in which half of the 
tetrahedral interstices were filled, or a Zr/H ratio 
of unity. 

Effect of Temperature and Pressure on Solubility 
of Hydrogen in a-Zirconium: Eqs. 4, 5, and 10 were 
combined to express the solubility as a function of 
pressure and of temperature. Thus 


H° + RT In ( ) [11] 


8 


Rearranging and applying to the a-phase gives 


Nua) 
Ye — (Hn — TS? | [12] 

RT 

Nua 

N,—Naw 

RT 


[13] 
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= 


This expression included Sieverts’ law which states 
that the solubility of hydrogen was proportional to 
the square root of the pressure. Since a large amount 
of entropy was lost on condensing the gas into the 
metal, the term (S°u@ — % S°x,e.») Was negative 
and when multiplied by —T gave a positive contri- 
bution in the exponential term. Thus, if the solu- 
bility was to decrease with increase of temperature, 
ia — ¥% H°u,ea») must be negative and larger 


was positive, the solubility increased with tempera- 
ture; since the entropy contribution was positive. 

A similar equation was derived for the 6-phase, 
ZrH,;. However, it was not expected that this equa- 
tion would hold for the high hydrogen concentra- 
tions observed for the 5-phase. 

Terminal Solubilities of Hydrogen in a-Zirconium 
in Equilibrium with the 5-Phase: The condition of 
equilibrium was 

= Fue. [14] 


Substituting Eq. 10 for each phase 


Naw 


N, — Nuw ) 


Hoes + RT In ( 


Rearranging and collecting terms 
Nye) Nua 
= exp 
N, — Naw N,— Naw 


[16] 


Eq. 16 could be used in two ways. First, if the solu- 
bilities of hydrogen in the two phases were known, 
the term 


could be evaluated. Second, if the partial molar heats 
and entropies of formation of a hydrogen atom in 
the a and é-phases were known, the ratio of the 
solubilities could be calculated. 

The values of easy) and (Evers, 
%H (eae)) could be determined experimentally from 


the slope of logarithmic plots of the decomposition 


A A 
By B a—Log P ys 1/T plot. 
1-A-C, a+8 phases. 
A-B, a-phase; B, sol- 
Cc ubility limit. 
| 
Cc 
b—Sieverts’ law plot. 
B, « phase; B-C, a+- 
as ~ 5 phases; B, solubil- 
A A ity limit. 


@ Pressure ® Pressure —= 


Fig. 1—Methods for determination of terminal solubilities in 
a-zirconium. 
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Table |. Analyses of Zirconium Samples, Wt Pct 


Foote Zr, Typical 


Si 0.01 
Fe 0.04 
Al 0.01 
Cu <0.01 
Ti 0.03 
Mn <0.001 
Ca 0.01 
Mg <0.003 
Pb <0.001 
Mo <0.001 
Ni 0.01 
Cr 0.001 
Sn 0.001 
Ww <0.001 
N <0.01 
<0.01 
H <0.02 
<0.001 
Hf 2.40 


pressures of hydrogen versus 1/T. The values of ae 


and S°u«) could be determined from Eq. 13 and from 
knowing the values of the solubility at a given tem- 


perature and the values of H°sa — ¥ Huygens) and 


Eq. 16 could be used to predict the temperature 
behavior of the terminal solubility of Nua. Te do 
this, it was necessary to assume Ny, at the two- 
phase boundary to be invariant with temperature. 
This has been shown to be approximately true from 
previous studies.® Eq. 16 suggests that if H° se) > H°xta 
and negative, then the ratio on the left decreases or 


Nua increases with temperature, while if H°xq) > 
H° ys) and negative then the ratio increases and Nyc 
decreases with temperature. These equations show 
that the terminal solubility Ny. could show an endo- 
thermic behavior while the overall solubility was 
exothermic in nature. 

Decomposition Pressures and the Removal of Hy- 
drogen From the Metal: Eq. 13 was rearranged to 
give 
D ( Nuw ) ax 


RT [17] 


The terms in the exponential expression were eval- 
uated experimentally and thus the equilibrium pres- 
sure could be calculated for a given temperature and 
concentration. 


Method 
Decomposition Pressures of Hydrogen in a-Zir- 
conium: Eqs. 4 and 5 showed that the partial molar 
free energy of hydrogen atoms in a-zirconium were 
related to the decomposition or equilibrium pres- 


sures p of hydrogen. In addition, thermodynamics 
gave the following equation 


d In P ens) 


1 
CAKE R [18] 


Thus, a series of measurements of the decomposition 
pressures as a function of temperatures gave both 
the partial molar free energy and the partial molar 
heat of formation of the given hydrogen alloy from 
the gas and metal. Since these quantities differ for 
the several phases, a study over a broad concentra- 
tion and temperature range enabled all of the neces- 
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sary thermodynamic quantities to describe the Zr-H 
alloy system to be determined. 

A static method was chosen to measure the de- 
composition pressures. The temperature range was 
selected so that the pressures were in the range of 
1x10% to 1x10~* mm of Hg. For the volume of the 
system and the size of the specimens used, appre- 
ciable composition changes were observed only for 
pressures above 10° mm of Hg. 

The hydrogen alloys were in the composition range 
of ZrHoous to ZrHoo». They were prepared by direct 
reaction with hydrogen and the weight increase de- 
termined by a sensitive vacuum microbalance. With- 
out removing the specimen from the apparatus, the 
equilibrium decomposition pressures were measured 
in the temperature range of 425° to 600°C using a 
calibrated McLeod gage. To determine equilibrium 
pressures in the range of 1x10“ mm of Hg, it was 
essential to use an all-glass vacuum system which 
had been carefully degassed or evacuated for a period 
of 16 hr or longer. A description of the system has 
been given.” * 

Solubility: The normal solubility in the a-zirco- 
nium phase was determined by direct measurement 
of the weight gain for a given temperature and pres- 
sure. The terminal solubilities of hydrogen in a- 
zirconium in equilibrium with the §-hydride phase 
were evaluated in two ways, as shown in Fig. 1. Fig. 
la shows the log P vs 1/T method. Fig. la, 1, shows 
a typical plot for a mixture of a and $-phases when 
both phases were present for all temperatures. Fig. 
la, 2, shows a typical plot when the two-phase region 
BC goes over into a single-phase region AB. The 
temperature at which the two phases were in equi- 
librium was that given by the point B. The slopes 
of the two parts of the plot gave the values of 


The intersection of CB with BA gave the tempera- 
ture at which the given hydrogen alloy composition 
represented the terminal solubility. 

The second method shown in Fig. 1b was based on 
Sieverts’ law. Here, the decomposition pressures at 
a given temperature were plotted as a function of 
the square of the concentration. A straight-line rela- 
tionship was found which confirms Sieverts’ law. 
Fig. 1b, 1, shows a typical plot for compositions within 
the a-zirconium solid solution phase. Fig. 1b, 2, shows 
a similar plot for the case where the solubility limit 
was reached at point B. The line B-C indicated that 
the decomposition pressure was constant over the 
two-phase region. The intercept of AB and BC gave 
the terminal solubility. 


Experimental 


A vacuum microbalance and associated apparatus 
was used for the preparation of all of the specimens. 
The construction, sensitivity, and use of this type of 
microbalance has been described.” ™ 

The specimens were small strips of 5 mil thick, 
high purity zirconium containing 2.40 pct Hf. Table I 
shows spectrographic and chemical analyses of the 
zirconium. The preparation of the specimens has 
been described. High purity hydrogen was prepared 
by diffusion of purified hydrogen through palladium. 

A calibrated McLeod gage of high sensitivity was 
used to measure the decomposition pressures. To as- 
sure that the equilibrium pressures were actually 
determined, measurements were made on both the 
decomposition (heating cycle) and absorption (cool- 
ing) cycle. 


Results 

Decomposition Pressures: Figs. 2, 3, and 4 show 
typical log pressure vs 1/T graphs obtained for the 
summarized the experimental data for 11 composi- 
tions, 8 of which were in the range of ZrH,.:; to 
ZYHo.o%0. The data for the composition ZrHo.10s, ZrHo.s:, 
and ZrH,., were typical for the two-phase region. 
The compositions were given in units of H/Zr and 
also in parts per million by weight, while the decom- 
position pressures were given in mm of Hg. The data 
were tabulated over the temperature range of 425° 
to 600°C. 

For a composition ZrH,.o;, Fig. 2 showed the a- 
zirconium phase to be the stable phase over the tem- 
perature range studied. An analysis of the slope of 
the plot (see Eq. 18) gave a value of —28,900 cal 
per mol for the standard partial molar heat of forma- 
tion of hydrogen in the metal. 

For a composition ZrHoo», Fig. 3 showed the a- 
zirconium phase to be the stable phase over the sec- 
tion AB of the graph, while a mixture of the a-zirco- 
nium phase and the 6-hydride phase were stable 
over the section BC. Point B gave the temperature 
at which the composition ZrHo.1 represented the 
terminal solubility. The slope of 48 gave a standard 
partial molar heat of formation of —28,700 cal per 
mol for the a-zirconium phase while the slope of BC 
gave a value for the standard partial molar heat of 
formation of —45,800 cal per mol for the $-phase. 
This calculation assumes that the composition of the 
6-phase was invariant with temperature. The valid- 
ity of this assumption was supported by X-ray dif- 
fraction and decomposition pressure studies on the 
Zr-H phase diagram.® 


Table II. Decomposition Pressures of Zr-H Alloys 
Composition P, Mm of Hg at Temperature, °C 
H/Zr Ppm 425 450 475 500 526 550 576 600 
3.2 x10-+ 6.5 x10 2.1x10-3 3.8x10-4 6.4 x10-3 1.06x10-2 
330 3.0x10-4 7.0 x10-4 1.33x10-8 2.4 x10-8 4.2x10-* 6.0x10-# 
0.025 274 4.0x10-4 1.0 x10-8 1.85x10-3 3.35x10-° 5.8x10-8 9.5x10- 
‘0x10—4 1.3 x10-2 3.0 x10- 4 x10~ 3x10-8 
0.084 1.6 x10-8 3.6 7.6 x10-8 1.4x10-2 
0.048 525 1.65x10-8 5.0 x10-8 1.3 x10-2 
4.0x10-4 1.3 4.2 x10-3 1.2 x10- 3.2x10-2 8x10-2 6 x10-1* 
0079 4.0x10—4 1.4 x102 4.3 1.3 x10- 3.6x10-2 7.2x10-2* 125x10-1* 1:9 x10-1 
130 6.0x10-4 1.7 52 2 = 
5920 5.4x10-4 1.7 x10-8 5.0 x10-8 1.35x10-2 
0.99 10850 6.3x10-4 1.8 x10-3 5.4 x10-8 1.4 x10- 3.4x10-2 '8x10-2 


* Composition changes occur. 
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Fig. 2—Decomposition pressure ys 1/T. @-zirconium; 


AH = —28,900 cal per mol. 
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showed a log P vs 1/T graph for eas com- 


It was of similar shape to that de- 
cause the composition 


of Hg, the AB portion of 
directly for calculation of 
alue. 

cal per mol was cal- 
for the a-phase, while 
750 cal per mol was cal- 


for the $-phase. 


Solubilities—Log P vs T Method: Fig. 
5 showed a plot of the decomposition pressure data 
for eh determination of the terminal solubilities. 
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Table Ill. 


Terminal Solubilities of Hydrogen in a-Zirconium 


Terminal Selubilities 


Tempera- 
ture, Method Atemie Pet H/Zr x 100 Ppm 
450 322 
6 
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Fig. 3—Decomposition pressure vs ZrH, A-B, 
conium; AH = — 28,700 cal per mol. B-C, e+8 phases; 
AH = —45,800 cal per mol. 


These were in Table ITI. 

Terminal ties—Sieverts’ Law Plots: Figs. 
6 and 7 shewed seve of the decomposition pressure 
as a fahetiOn of the square of the concentration of 
nydregen for 450° and 500°C. The terminal solu- 
bilities determined from these plots were tabulated 
also in Table IT. 

Fig. 8 showed the terminal solubilities plotted on 
a logarithm scale vs 1/T. The data of Schwartz and 
Mallett® were also included. At 500°C the terminal 
solubility in the a-zirconium phase was ZrHaas, While 
the value in the é-phase is ZrH, «. These correspond 


to 4.32 and 58.33 atomic pct, respectively. 


bility. 
Soh t bi 


Calculations and Discussion 


Standard Partial Molar Heats of Formation: For 
the slopes of the log P vs 1/T plots, the authors have 
alculated the following quantities 


H* 


— 15 (28,500) = — 14,250 cal per 


gram-atom 
[19] 
and 


— 22.875 cal per gram-atom. 


[20] 
The value of H° x. — H*x Could be independ- 
ently evaluated by the use of Eq. 13. Thus, if 


(=~) was plotted against 1/T for a given 


pressure, the slope of the plot was the standard par- 
tial molar heat of solution of hydrogen. Fig. 9 showed 


e plot and gave a value of —13,800 cal per gram- 
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atom of hydrogen. Considering the errors involved, 

the two values were in reasonable agreement. It was 

noted that, under constant pressure conditions, the 

solubility decreases with increase of temperature. In 

this sense, zirconium was an exothermic occluder. 
The difference in 


8,625 cal per gram-atom. [21] 


The errors in these calculations were of the order of 
+300 cal per gram-atom. 

Standard Partial Molar Entropies of Formation: 
Eq. 13 was used to calculate the standard partial 
molar entropy of solution of the particular hydrogen 
alloy. For 500°C, Naw = 0.0452, p = 1.71x10° atm, 
— tens) = —14,250 cal per gram-atom 
and N, = 2. 

Substituting and solving, the authors had 


2S? — S°uygas) = —30 cal per mol per °C (E.U.). 
Since S°uicas) = 37.8 at 500°C* 


Su = 3.9 E.U. per gram-atom. [22] 


In a similar manner, a value of 1.83 E.U. per 
gram-atom was calculated for the 6-phase. The dif- 
ference in the standard partial atomic entropies of 
hydrogen in the a-zirconium and $-hydride phase 
was 


= 3.9 1.85 => 


2.05 E.U. per gram-atom. [23] 


Standard Partial Molar Free Energies of Solution: 
This quantity was calculated for each phase by the 
use of the equation 


° TJ° ° 
F H(a) F H,(gas) — (H H(a) H (as) ) 


10 
oUp 
0 Down 
B 
\ 
a 
10 
x 107 


T 


‘Fig. 4—-Decomposition pressure ys 1/T. os; A-B, @-zir- 
conium; B-C, +5 phases; AH = —47,100 cal per mol. 
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At 500°C for the a-zirconium, the authors obtained 
= — 2,605 cal per gram-atom [25] 
and for the 6-hydride phase 


<gas) = — 9,734 cal per gram-atom. 
[26] 


Partial Molar Free Energies of Solution: To cal- 
culate the partial molar free energy, the following 
equation was used 


Nu 
a= F°y + RT In [27] 


2— Nu 
Using the value of Ny of 1.4 and a temperature of 
500°C, a value obtained was 


at 500°C = — 8,428 cal per gram-atom. [28] 


This value was compared to the results given in a 
previous paper® for the free energy of formation of 
the 6-phase in contact with a-zirconium. A value of 
—12,560 was tabulated, or for one hydrogen atom a 
value of —8,433 cal. This result was in agreement 
with the result shown in Eq. 28. 

The partial molar free energy of hydrogen in the 
a-zirconium phase in equilibrium with the 6-phase 
was calculated also. Using the result of Eqs. 25 and 
27, for a terminal solubility, Nuq of 0.0452, and at 


500°C, the value of Fuc = — 8,390 cal per atom was 
10 
A 
52 
-| |6.37 
10 — 
N 


4 
1.48 
\ 
= 
1.1 feo) 1.4 1.6 


+ x 10° 
Fig. 5—-Summary plot of log P vs 1/T. A-B line is for a+6 
phases. Other lines represent atomic percent compositions in 


a phase. 
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obtained. This value was in agreement with the value 
for the 8-phase. 

Difference in Partial Molar Free Energies at 500-G= 
For solubility calculations, the difference in the 
standard partial molar free energies for the e-zirco- 
nium and $-hydride phases was important. Thus, 
from Eqs. 25 and 26 


Fea — F°uw = 7,129 cal per gram-atom. [29] 


This quantity could be calculated in a somewhat 
independent manner from the theory and data. Thus, 
Eq. 16 expressed the ratio of the solubility of hy- 
drogen in the a-zirconium and $-phases in terms of 
this free energy function. If Nu) = 0.0452 and Naw) 
= 1.4 are substituted, the following value at 500°C 
is obtained 


— F° = 7,092 cal per gram-atom. [30] 


The agreement was good. The errors in the calcula- 
tion were of the order of +300 cal. 

Temperature Dependence of the Entropy Term: 
The entropy of hydrogen atoms in the a-zirconium 
and 6-hydride phases was assumed to be vibrational. 
The relation between the frequency of vibration », 
the temperature T, and the entropy S, was given by 
the equation”® 


So = R[(he/kT) —In [81] 


Here, h was Planck’s constant and k was Boltzman’s 
constant. 

In the 6-phase, the hydrogen atom sites were in a 
symmetrical fluorite arrangement with an H-H spac- 


ing of 2.39A. The S°u« of this phase could be con- 
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Fig. 6—Sievyerts’ law plot at 450°C. 
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Fig. 7—Sieverts’ law plot at 500°C. 
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Table IV. Comparison of a-Zirconium and d-Hydride Phase 


a-Zirconium §-Hydride 


Face-centered-cubic 
(fiuorite) 
Tetrahedral interstices 


Structure Hexagonal-close-packed 


Location of Tetrahedral interstices 


hydrogen 


a parameter, A 3.228 4.78 
¢c parameter, A 5.140 4.7 
Zr-Zr distance, A 3.228 3.38 
Zr-H distance, A 1.928 2.069 
H-H distance, A 1.285 2.39 


(minimum) 


sidered as divided among the three modes of vibra- 
tion or 1.9/3 = 0.63 E.U. per gram-atom per mode 
of vibration. Calculations using Eq. 31 gave a value 
of » of 3.98x10* vibrations per sec. This frequency 
was in agreement with some independent calcula- 
tions by Zener™ on hydrogen in metals. 

The hydrogen atoms occupying the tetrahedral in- 
terstices in a-zirconium had a different arrangement 
than the symmetrical arrangement in the 6-phase. 
Table IV summarized the structural elements and 
the interatomic distances. The tetrahedral inter- 
stices in a-zirconium occurred in pairs with a spac- 
ing of 1.29A in the c direction. For low concentra- 
tions of hydrogen, only one of these sites of a given 
pair could be occupied. In analyzing the modes of 
vibration of hydrogen atoms in this structure, it was 
necessary to assume two nearly normal modes of 
vibration similar to those found for the 8-hydride 
phase and one exceptional mode of vibration in 
which the hydrogen atom essentially oscillated be- 
tween the two adjacent sites. The shape of the po- 
tential curves would suggest a much lower fre- 
quency of vibration for this mode. 

The authors have estimated the entropy associ- 
ated with this vibration as follows: The value of 
S°uc@) Was 3.9 E.U. per gram-atom. The entropy of 
two normal vibrations was subtracted and the fol- 
lowing was had at 500°C 


Sra = 3.9 — 1.3 = 2.6 E.U. per gram-atom. 


[32] 


This corresponds to a vibration frequency of 1.21x 


Then the values of the normal entropy of one vi- 
bration S..~» and the value of the exceptional entropy 
of one vibration S.«, were calculated as a function 
of temperature based on Eq. 31. 

Table V summarized the results. 

Since the authors had evaluated both H°sw., — 
and T (S°n«@ — S°xw@), they calculated — 
F°xy) over a series of temperatures. 
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0.04 


Fig. 8—Terminal solubility of H in e-zirconium. 
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Calculation of Terminal Solubilities as a Function 
of Temperature: Since the solubility Naw, was ap- 
proximately independent of temperature’ between 


25° and 500°C, the authors simplified Eq. 16 to give 
4.68 
Nua = [33] 
exp | | 2 24 
RT 


Table V showed the results of the calculations for 
Nya using Eq. 33, while Fig. 8 showed the agree- 
ment of the calculated values with experiment. The 
agreement was good. Eq. 33 could be used to esti- 
mate the solubility at low temperatures. However, 
due to the low values for the terminal solubilities, 
it was impossible to check the predictions. 

Temperature Dependence of Decomposition Pres- 
sure: Eq. 13 could be rearranged to calculate the de- 
composition pressure at any temperature and con- 
centration in the a-phase. Thus 


ex 
N, wie Nua 


| 


[34] 
To use this equation, the authors substituted the 
value of —% —14,250 cal per 


gram-atom for the a-zirconium phase. To determine 
(SER the values of the normal and 
exceptional vibration entropy terms were calculated 
to give S°uq@ while the term Was obtained 
from tables.” Table VI summarized the calculations 


on the thermodynamic functions of hydrogen in the 
a-zirconium phase based on the assumed model. 
Using Eq. 34 and the values for 
the decomposition pressure of any given alloy within 
the a-zirconium phase could be calculated to an 
accuracy of +20 pct. However, no check on the 
equation at low temperatures could be given and, 


0.02 


1,30 


Fig. 9—Solubility of H in o-zirconium ys 1/T. P = 0.01 mm 
of Hg, slope = (H° (4) — V2 H° stycgas)) = —13,800 cal per mol. 


therefore, the authors could not set a limit to its 
application. Since the equation was based on a rea- 
sonable model, the calculated values at low tem- 
perature were perhaps nearer the true values than 
the results of empirical extrapolation. 

Then the practical problem of removing hydrogen 
to reach a given concentration for temperatures of 
500° to 700°C was calculated. Table VII showed the 
results. The results indicated a vacuum of 1.2x10”° 
mm of Hg was necessary at 700°C to remove hydro- 
gen down to a concentration of one part per million 
by weight. This value was approximately 20 times 
the equilibrium pressures given by Schwartz and 
Mallett.’ 

Summary 


1—A thermodynamic analysis was made of the 
behavior of hydrogen in exothermic occluders. Equa- 
tions were derived for the solubility, terminal solu- 
bility, and decomposition pressures as a function of 
temperature. 

2—The decomposition pressure method was used 
to determine the solubility and terminal solubility 
experimentally. The decomposition pressure data 
were presented in the form of tables and graphs. 

3—The several thermodynamic quantities were 
evaluated from the data at 500°C. A value of 
—14,250 cal per gram-atom was found for the stand- 


Table V. Summary of Calculations of Terminal Solubilities of Hydrogen in a-Zirconium Phase 


Excep- TAS — Fen F°nw), Ni Nu 
= ti 1 Ca) per Cal per Jal per or 
oC. hy/kT EU, LU. Gram-Atom Gram-Atom Gram-Atom H/Zr 2—Nu 
0.60 3.04 2.10 2049 6570 0.1453 0.0783 
0.67 2.83 2.04 1786 6830 0.0873 0.0456 
500 2.47 0.63 0.75 2.60 1.97 1524 8616 thie! Coe 0.0228 
1256 3 018 “0095 
300 333 0:39 101 988 7628 0.00574 0.002879 
300 04 O18 1.23 1.70 1.52 719 7897 0.00105  -5.26x10-4 
100 512 0.073 1.56 1.30 456 8160 
7.00 0.031 2.13 0.82 0.79 216 3400 868x10-%  4.34%10- 
Table VI. Thermodynamic Functions a-Zirconium Phase 
—T — Aaa — Feng — 
S°uca), 20 Cal per Cal per Cal per 
ture, °C E.U. E.U Gram-Atom Gram-Atom Gram-Atom 
14,497 —14,250 +247 
3.04 4.92 19.8 14.9 497 7 
600 0:79 138 2.83 4.41 19.4 —15.0 13,095 1155 
0.63 1.26 2.60 3.86 18.9 -15.0 11,600 ~ 2656 
400 0.94 2.34 3.28 18.5 ~15.2 10,230 4020 
300 032 0.64 2.04 2.68 17.9 —15.2 8.710 ~ 3540 
300 0.18 0.36 1.70 2.06 17.2 —15.1 7,142 7108 
100 0.073 0.146 1.30 1.45 16.4 —14.9 5,558 ~ 8692 
0 0.031 0.062 0.82 0.882 15.4 —14.5 3,95 : 
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| 
| | 
114 1.18 1.20 ince 1.24 1.26 1.28 
| 
= x10 
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Table Vil. Equilibrium Pressures at Two Concentrations 
for Several Temperatures 
Pressure ef Hse) 
Temperature, 
°C 100 Ppm 1 Ppm 
500 35.1x10- 5.1x105 
600 4.2x105 42x10 
700 1.2x10- 1.2x10-4 


ard partial molar heat of solution of hydrogen for 
the a-zirconium phase, while a value of —22,875 cal 
per gram-atom was found for the $-hydride phase. 
A value of —15.0 E.U. per gram-atom was found for 
the standard partial molar entropy of solution of 
hydrogen in the a-zirconium phase, while a value of 
—17.0 E.U. per gram-atom was found for the $-hy- 
dride phase. The standard partial molar free energy 
of hydrogen atoms in the e-phase was —2,605 cal per 
gram-atom and in the é-phase was —9,734 cal per 
gram-atom. 

4—_To obtain the temperature dependence of these 
thermodynamic quantities, a statistical thermody- 
namic analysis was made of the vibration modes of 
the hydrogen atoms in the two structures as a func- 
tion of temperature. The thermodynamic quantities 
involved in the expressions for the solubility, ter- 
minal solubilities, and decomposition pressures were 
calculated for the temperature range of 0° to 700°C. 
Good agreement was found with the experimental 
results. 

5—The standard partial molar free energies of 
solution of hydrogen in the e and 8-phases were used 
to explain the exothermic nature of the overall solu- 
bilities and the endothermic nature of the terminal 
solubilities. 

6—The practical problem of removal of hydrogen 
from the metal at high temperatures and at high 
vacuum was discussed, using the decomposition pres- 
sure equation. 
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Technical Note 


X-Ray Crystallographic Data on As.Te, 


PARTIAL phase diagram for the As-Te system 

is given in Hansen“ The only compound re- 
ported is As.Te,, melting at 362°C. Stoichiometric 
quantities of reagent-grade elements were reacted 
in evacuated quartz and directionally cooled. The 
resulting ingot consisted of very thin threadlike 
crystals from which only very small single-crystal 
fragments were isolated. A powder diffraction dia- 
gram disclosed nonisomorphism with the analogous 
V-VI compounds insofar as these have been re- 
ported; Sb.S,, As.S,, Bi.S;, and Bi.Te, data in the 
ASTM index of powder patterns, together with the 
single-crystai data on Sb.Se, were used for the com- 


a 
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parison with the-observed spacings. Single-crystal 
data confirmed:the uniqueness of the As.Te, struc- 
Hwy 
Single-crystal Weissenberg diagrams have so far 
yielded the following data: As.Te, is monoclinic. 
space group C-m (0K0 data still = 
14.4A, b= 4.05A, C = 9.924 i 


™ = 


ume is about 580A*. The set of isomor phous ortho- 
rhombic cells of Sb.Se, Sb.S, and Bi. are appar- 
ently related t tc 


o As.Te, in havir ng oné lattice constant 
close to 4.0 and with cell volumes as large as 540A°. 


Assuming Z = 4 for As.Te, also, the density is calcu- 

lated as 6.1 which agrees well with a roughly deter- 

mined value of 6.0. 


1936) 


Stures. New York. Interscience 
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Metallographic Study of Equilibrium Relationships 
In 3S Aluminum Alloy 


by Philip R. Sperry 


Aluminum alloy 3S was examined to determine the relationship between the applicable 
phase diagram and the microstructures produced under conditions tending toward non- 


equilibrium as well as equilibrium. The only phases present in the alloy were aluminum 
.(Mn,Fe)Al,, aAl(Mn,Fe)Si, and silicon. It was found that the alloy behaved essentially as 


though it belonged to the Al-Mn-Si system. The effects of various solidification rates and 
of yarious homogenization treatments were studied. Particular attention was given to a 
nonuniform precipitate distribution which reflected the solute distribution in the cast 
aluminum solid solution. Some possible explanations for the solute distribution based on 
characteristics of the Al-Mn-Si or Al-Mn systems were discussed. 


LUMINUM alloy 3S (aluminum plus 1.25 pct 

Mn) is one of the oldest and the most widely 
used of the wrought aluminum alloys. In spite of 
this fact, there are some aspects of the metallog- 
raphy of 3S which have not been revealed or which 
have not been brought to the attention of the metal- 
lurgist working with the alloy. The purpose of this 
investigation was to demonstrate in general how 
some of the fundamentals of equilibrium phase 
diagrams may be applied to the study of an alloy 
and to show specifically the origin of certain metal- 
lographic features of aluminum alloy 3S. It is hoped 
that this information can serve as a basis for solving 
specific problems relating microstructure to such 
things as mechanical properties, recrystallization, 
grain growth, and surface finish. 


Literature Survey 
Considering that alloy 3S contains only one alloy- 
ing addition, manganese, it seems reasonable that it 
would have characteristics pertaining to the Al-Mn 
system. However, those characteristics might well 


P. R. SPERRY is Research Metallurgist, Dept. of Metallurgical 
Research, Kaiser Aluminum and Chemical Corp., Spokane. 
Discussion on this paper, TP 3886E, may be sent, 2 copies, to 
AIME by Mar. 1, 1955. Manuscript, Apr. 9, 1954. Pacific Northwest 
Metals and Minerals Conference, May 1954. Chicago Meeting, 
November 1954. 
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be altered by the impurities in the commercial alloy, 
especially iron and silicon. Therefore, not only the 
simple binary but also more complex systems had 
to be reviewed. 


One characteristic of the Al-Mn system worthy 
of mention is its sluggishness, which leads to con- 
flicting solubility data” * and makes it relatively easy 
to supersaturate the solid solution and shift the 
eutectic composition during rapid solidification.** 
Another characteristic is the strong influence which 
small amounts of impurities, especially iron, exert 
in lowering the solid solubility of manganese.””* 
Undissolved manganese is ordinarily present in an 
intermetallic phase, MnAl,, having an orthorhombic 
crystal structure.*** A metastable precipitating 
phase designated as “G”’ has been reported but small 
amounts of iron and silicon suppress this phase 
entirely.” 

Raynor has established that MnAl, can dissolve a 
considerable amount of iron by a substitution of 
iron for manganese atoms up to 50 atomic pct.” 
Consequently, in the Al-Mn-Fe liquidus diagram, 
the eutectic valley separating the primary aluminum 
and (Mn,Fe)AlI, fields is fairly close to a constant 
Mn + Fe content.” This is an important considera- 
tion in regulating the composition of 3S and also 
other aluminum alloys with high manganese addi- 
tions.* 
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The constitution of the Al-Mn-Fe-Si system under 
nonequilibrium conditions has been worked out by 
Phillips and Varley.“ In the present investigation, 
it was confirmed that this system is applicable for 
aluminum alloy 3S. A phase, eAl(Mn,Fe)Si, is found 
which is part of a series of solid solutions running 
from the ternary phases, aAlMnSi to aAlFeSsi.*” 
This phase has a cubic crystal structure. It will be 
shown further on that, for illustrative purposes, the 
Al-Mn-Si system diagrams can be used, thereby 
simplifying the graphic presentation. 

An excellent reference for diagrams and typical 
microstructures from some of the applicable ternary 
systems is Hanemann and Schrader’s Atlas Metal- 
lographicus.* 


Experimental Procedure 

The material used for the experiments described 
herein was obtained from 3S sheet ingot selected at 
random from Kaiser Aluminum and Chemical Corp. 
Trentwood Rolling Mill. The analysis was as fol- 
lows: 1.08 pct Mn, 0.60 pct Fe, 0.23 pct Si, 0.16 pct 
Cu, 0.04 pet Mg, and 0.02 pct Ti. 

Although this was the only composition which 
was used for formal experimentation, the observa- 
tions made here were found to be applicable to other 
lots.of 3S examined in the author’s laboratory. 

Melts weighing about 100 g were made in alumina- 
lined crucibles. Stirring and skimming were done 
with pure graphite rods. Lime-coated chromel- 
alumel thermocouples were inserted into each melt 
and the cooling rate was recorded with a Foxboro 
recording potentiometer. Various solidification rates 
were obtained by cooling in the furnace and in still 
air and by pouring into molds. Each sample was 
quenched when it had cooled to 454°C (850°F). The 
average cooling rates from 675° (1250°) to 620°C 
(1150°F), bracketing the solidification range of 358, 
were as follows for various melts: melt A, 0.5°C 
(1°F) per min; melt B, 2°C (4°F) per min; melt C, 
11°C (20°F) per min; and melt D, 70°C (125°F) 
per min. 

Samples cut from each melt were given various 
heat treatments which will be described with the 
results. 

Identification of phases was accomplished metal- 
lographically, using the etching characteristics and 
optical properties of the phases. An etchant which 
was found most satisfactory for distinguishing 


Fig. 1—Portion of the liquidus surface of the Al-Mn-Si constitution 
diagram (from data of Phillips“). The arrowheads indicate decreas- 
ing temperature. The points and lines are given in tabular form 
below. 


Line or Point Reaction Temperature °C (°F) 
a 658 (1216) 
ab Eutectic F,: liquid = MnAl. 
b Peritectic P: liquid + MnAl, = 
Al + aAIMnSi 649 (1200) 
be Eutectic F,: liquid = Al+ aAIMnSi == 
c Eutectic liquid = 
aAIMnSi-+ Si 573 (1063) 
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Table |. Content of Melts in Weight Percent 


Mn Fe Si Cu Al 
1.81 0.13 0.10 0.01 Balance 
1.97 0.003 0.02 0.005 __ Balance 
1.25 Not analyzed but made from same materiais 


as 1.97 pet Mn alloy 


among the phases was a solution of 1 part H;,PO, 
(85 pet) to 9 parts water. Etching was carried out 
by immersion for 14% min with the etchant held at 
50°C (120°F). The effect of this etch on the various 
constituents appearing in the micrographs, Figs. 2 
through 8 and Fig. 10, is as follows (the effect of 
rotating the sample when viewed between crossed 
polarizers is also included): 

1—(Mn,Fe) Al, is unattacked, retains its light gray 
color, and is outlined very slightly or not at all; 
changes from light to dark in polarized light. 

2—cAl(Mn,Fe)Si is attacked, outlined, darkened 
somewhat, and small particles sometimes are dis- 
solved out; does not change in polarized light. 

3—Silicon is unattacked and darker gray than 
(Mn,Fe)Al,; does not change in polarized light. 

Phase identities were confirmed by X-ray diffrac- 
tion. For this purpose, the aluminum matrix was 
dissolved away in a solution of methanol and iodine, 
leaving the intermetallic phases in the form of a fine 
residue. The residue was used as the powder sample 
for obtaining a Debye-Scherrer diffraction pattern. 

Some additional melts were made of Al-Mn 
binary alloys of moderate and high purity. The 
former was made from 99.8 pct Al and electrolytic 
manganese. The latter was made from 99.99 pct Al 
and a master alloy made with the same grade of 
aluminum and pure anhydrous manganous chloride. 
Contents of these melts are given in Table I. 

These binary alloys were chill-cast in copper 
molds or remelted and cooled at the same rate as 3S 
melt D and were given various heat treatments. 


Results and Discussion 

Phase Identification: No more than four phases 
were found in any of the samples examined. One 
of these phases was, of course, the aluminum solid 
solution. The others were as follows: 

1—(Mn,Fe)Al,. This phase is distinguished in 
slowly solidified structures by its habit. of forming 
long hollow prisms with cross-sections in the form 
of parallelograms. In rapidly cooled alloys, the 
habit is not well defined and cannot be used as a 
distinguishing feature. 

2—aAl(Mn,Fe)Si. This phase is characterized by 
its scriptliike appearance when in eutectic form. 
When an alloy containing aAl(Mn,Fe)Si has been 
heated near its solidus temperature, the constituent 
particles sometimes assume the shape of cubic dode- 
cahedra ({110} faces) so that in cross-section they 
have a polygonal shape, generally six-sided. 

3—Silicon, Silicon is usually easy to recognize by 
its bluish-gray color. In 3S it is found only-in a 
very fine aggregate structure. 

Some investigators®” have attributed the differ- 
ence in appearance and etching characteristics be- 
tween the two phases (Mn,Fe) Al, and aAl(Mn,Fe) Si 
to varying amounts of iron in solution in MnAl, 
rather than to the presence of two entirely different 
phases. The present identification by X-ray dif- 
fraction and by optical properties definitely estab- 
lishes that there are two separate manganese-con- 
taining phases in 3S alloy. 
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Fig. 2—Microstructure of 3S aluminum alloy solidified at 
0.5°C (1°F) per min (melt A). The structures due to the 
eutectic and peritectic reactions of Fig. 1 are indicated. 
(Mn,Fe)AI, is light grey; aAI(Mn,Fe)Si is darkened. Etched 
with 10 pct H,PO,. X100. Area reduced approximately 33 pct 
for reproduction. 


Although the composition of the alloy and of the 
individual phases demonstrates that 3S must be 
considered as a four-component alloy, it was noted 
that all the phases present were common to the Al- 
Mn-Si system. With due regard to phase rule con- 
siderations, it was found feasible to simplify this 
study by representing 3S as an Al-Mn-Si alloy. In 
this way, some of the complexities of three-dimen- 
sional space models could be avoided, while at the 
same time some of the complications of multicom- 
ponent systems could be illustrated. 

Process of Solidification: The process of solidifi- 
cation could be studied best by relating the micro- 
structures of melts solidified at different rates to 
the probable change in composition of the liquid 
metal during solidification. The liquidus surface of 
the ternary Al-Mn-Si diagram (Fig. 1) served as 
the simplest means of depicting liquid composition 
changes. It must be remembered that the composi- 
tions and temperatures of nonvariant points in the 
Al-Mn-Si system will no longer strictly apply be- 
cause of the iron which is present. 

The microstructure of the most slowly cooled melt 
(0.5°C per min) is shown in Fig. 2 Three features 
are indicated in this micrograph, each feature being 
related to the Al-Mn-Si diagram, Fig 1. First there 
is the binary eutectic E, which results from the re- 


Fig. 3—Enlarged view of peritectic structure shown in Fig. 2: 
An aggregate structure of aluminum and oAl(Mn,Fe)Si (out- 
lined) results from reaction of the liquid melt with 
(Mn,Fe)AI,. Etched with 10 pct H,PO,. X500. Area reduced 


approximately 33 pct for reproduction. 
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action 
liquid > Al + MnA\,. 


Then a peritectic P is indicated, resulting from 
liquid + MnAl,> Al + aAlMnSi. 


This peritectic is revealed in more detail in Fig. 3. 
Finally there is shown the eutectic E,, resulting from 


liquid > Al + aAlMnSi. 


In Fig. 1, alloy x corresponds to a typical 3S com- 
position. Since the alloy lies in the primary alumi- 
num field, the first solid to precipitate from the 
cooling melt will be primary aluminum. As solidi- 
fication progresses, the liquid composition changes, 
following some such path as indicated by the dashed 
line in Fig. 1 until line ab is intercepted. Along the 
eutectic valley indicated by line ab, the eutectic E, 
separates out. When the liquid reaches composition 
b, the peritectic reaction P begins. As is usual under 
nonequilibrium conditions, the peritectic does not go 
to completion and the liquid composition continues 
to change along line bc, precipitating another eu- 
tectic, E., until solidification is complete. 

At a higher rate of solidification, 2°C per min, the 
microstructure was similar but much finer and there 
was introduced a rosette type of structure. At the 
high magnification of Fig. 4, these rosettes could be 
resolved into aluminum, aAlMnSi, and silicon, show- 
ing that the liquid composition had so changed that 
the last to solidify had comprised the ternary eu- 
tectic E, 

liquid > Al + aAlMnSi + Si. 


This is in accord with the observations of Phillips” 
and of Hanemann and Schrader.” It is interesting to 
note that, although the eutectic E, contains about 
11.5 pet Si, it was found in an alloy with only 0.23 
pet Si. Of course, it was found only in very small 
amount. 

Solidification at rates of 11° and 70°C per min 
produced further refinement of the cast structure. 
Simultaneously, there was an increase in the pro- 
portion of MnAl, to aAlMnSi. There was very little 
evidence of the peritectic reaction, and the quantity 
of eutectic aAlMnSi had decreased substantially, as 
shown in Fig. 5a and b. Occasional very fine ro- 
settes, presumably composed of the ternary eutectic 
E,, could still be found. The inference to be gathered 
from the greater proportion of MnAl, is that silicon 


Fig. 4—Rosette structure found in 3S solidified at rates of 
2°C (4°F) per min and greater. The rosette is composed of 
the ternary eutectic, structure, F;, aluminum + aAI(Mn,Fe)Si 
(darkened) + Si (grey, unetched). Etched with 10 pct H,PO,. 
X1000. Area reduced approximately 33 pct for reproduction. 
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was not being concentrated in the liquid metal to 
the extent that it had been at slower cooling rates 
so that the aAlMnSi eutectic was less likely to form. 
The peritectic reaction was almost completely sup- 
pressed by the most rapid solidification rate. 

The microstructure of the most rapidly solidified 
sample (70°C per min) resembled that of ordinary 
3S direct-chill ingots with respect to type of consti- 
tuents, constituent size, and grain size. Coarser 
structures such as that of the 11°C per min sample 
are encountered in a narrow zone close to the sur- 
face of commercial ingots. The two slower cooling 
rates have no practical significance. 

Heating the Cast Structure: It was obvious from 
the discussion of the solidification of 3S that in- 
creasing solidification rate brought about greater 
departure from the equilibrium structure. Sub- 
sequent heating would be expected to restore equi- 
librium, with the degree of restoration dependent 
on temperature and time. The first studies on homo- 
genization were made at 640°C (1180°F), since this 
was about the highest temperature which could be 
used without the danger of serious melting. All 
samples were water quenched. 

When the most slowly solidified specimen was 
heated at 640°C (1180°F), it was found that the 


a—11°C (20°F) per min, melt C. 


MnAl, was gradually replaced by aAlMnSi as Fig. 6 
shows. The reaction began at the interface of the 
aluminum solid solution and the MnAl, phase. An 
aggregate structure composed of aluminum and 
aAlMnSi formed first. Then the aluminum in the 
aggregate spheroidized and finally the individual 
aAlMnSi crystals divorced themselves from the ag- 
gregate and assumed the characteristic polygonal 
shape shown in Fig. 6. It is clear that the peritectic 
reaction P had not gone to completion during solidi- 
fication and that heating caused it to proceed in the 
solid state. 

Similar transformation of MnAl, to aAlMnSi oc- 
curred in the samples solidified more rapidly. Fig. 
7 shows the structure of melt C after heating for 
25 hr. The smaller particle size and the finer den- 
dritic structure of the more rapidly solidified cast- 
ings permitted more rapid coalescence of individual 
aAlMnSi particles. The effect of time of heating is 
shown by melt D samples heated at 640°C (1180°F) 
for 1 and 25 hr, Figs. 8a and b. The quantity of 
MnAl, transformed did not increase appreciably 
after heating 1 hr and agglomeration proceeded at a 
greater rate than in the coarser cast structures. 

It is noteworthy that, after homogenization heat 
treatment, the quantity of wAlMnSi exceeded that 


b—70°C (125°F) per min, melt D. 


Fig. 5—3S aluminum alloy solidified at 11°C (20°F) and 70°C (125°F) per min. Note the increasing proportion of 
(Mn,Fe)AI, as the cooling rate increases. Etched with 10 pct H,PO,. X250. Area reduced approximately 33 pct for repro- 


duction. 


Fig. 6—Melt A heated at 640°C (1180°F) for 97 hr. The 
(Mn,Fe)Al, has been largely replaced by the aggregate of 
aluminum and cAlI(Mn,Fe)Si. The latter phase eventually 
coalesces into a characteristic polyhedral shape. Etched with 
10 pct H,PO,. X500. Area reduced approximately 33 pct for 
reproduction. 
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Fig. 7—Melt C heated at 640°C (1180°F) for 25 hr. Same 
phases as in Fig. 6. Etched with 10 pct H,PO,. X500. Area 
reduced approximately 33 pct for reproduction. 
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a—Melt D heated at 640°C (1180°F) for 1 hr. 
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b—Melt D heated at 640°C (1180°F) for 25 hr. 


Fig. 8—Melt D heated at 640°C (1180°F) for 1 and 25 hr. Same phases as in Fig. 6. Etched with 10 pct H,PO,. X500. 


Area reduced approximately 33 pct for reproduction. 


of MnAl,, reversing the situation in the cast struc- 
ture. To see how this fits the equilibrium picture, 
reference again can be made to the Al-Mn-Si dia- 
gram. The distribution of phases in the solid state 
is shown schematically in Fig. 9 where the range of 
compositions for 3S is indicated by the shaded area. 
The two-phase field, Al+MnAl,, is very narrow and 
hence is confined to extremely low silicon alloys 
which are not likely to be found commercially. The 
35 composition range lies within the three-phase 
field, Al+MnAl,+aAI1MnSi, where the proportion of 
MnAl, to aAlMnSi is very sensitive to silicon con- 
tent. Some 3S alloys with silicon near the upper 
specification limit of 0.60 pct have been found to 
contain only aAlMnSi as the second phase. 

It was noted that, in those cast structures contain- 
ing the ternary eutectic rosettes, heating caused the 
rosettes to disappear very quickly. The silicon phase 
in the rosettes in these alloys would be quite un- 
stable, as Fig. 9 shows. It is to be expected that re- 
melting during heating occurred in these silicon-rich 
areas but that the liquid disappeared as silicon 
diffused outward. 

When a lower homogenization temperature, 595°C 
(1100°F), was used, the alteration of the micro- 
structure was similar to that which occurred at 
640°C (1180°F) except that agglomeration of the 
aAlMnSi was not as rapid. In contrast to the very 
light and well coalesced precipitate at 640°C, a mod- 
erately heavy precipitate was formed within the 
dendrites. At high magnification, this precipitate 
could be identified as aAlMnSi (see Fig. 10). Of 
special interest was the distribution of this precipi- 
tate. Fig. 11 shows the same sample as was shown 
in the previous figure but it has been re-etched with 
0.5 pet hydrofluoric acid in order to reveal the fine 
precipitate particles. This pattern of precipitation 
will be the subject of the next section of this dis- 
cussion. 

The transformation of MnAl, to aAlMnSi was 
found to.proceed fairly rapidly even at temperatures 
as low as 425°C (800°F). The continuation of this 
reaction is strongly dependent upon diffusion of 
silicon. 

Relation of Precipitation Pattern to Cast Struc- 
ture: The nonuniform distribution of precipitate in 
3S aluminum alloy pictured in Fig. 11 has been an 
object of concern in the production of 3S sheet 
where good surface quality for subsequent anodiz- 
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ing is required. The relation between this micro- 
structure and nonuniformities in the appearance of 
anodic coatings was described by Rohrig and Kaper- 
nick.” The combination of a coarse cast grain struc- 
ture and heterogeneous precipitation can cause 
streaking which is visible to the naked eye in the 
anodic coating on sheet rolled from such material. 
Therefore, the origin of such a nonuniform precipi- 
tate is of practical interest. 

Close examination of the precipitate distribution 
shows that it cannot be explained solely on the basis 
of solid-solution coring, although coring is undoubt- 
edly a factor. Actually the distribution is found to 
be related to the dendritic structure in the manner 
shown schematically in Fig. 12. In the dendrite core, 
there are relatively few generally coarse precipitate 
particles. As the outer rim of the dendrite is ap- 
proached, the particles grow smaller but much more 
numerous. Up to this point, the concentration of 
precipitate can be said to be based upon normal 
dendritic segregation or coring. However, in the 
volume of metal separating one dendrite arm from 
another, and incidentally containing the eutectic 
structures, the precipitate suddenly drops off to 
nothing. Heating of cast 3S at 540°C (1000°F) or 


Al + a AIMnSi + Si 


Fig. 9—Typical isothermal section through the AI-Mn-Si 
phase diagram showing distribution of phases in the solid 
state (from ref. 17). The shaded area indicates the composi- 
tion range of 3S aluminum alloy. 
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Fig. 10—Melt D heated at 595°C (1100°F) for 25 hr. The Fig. 11—Same sample as Fig. 10 but re-etched with 2 pct 
larger precipitate particles can be identified as wAl(Mn,Fe)Si HF to reveal fine precipitate. X500. Area reduced approxi- 
by their etching characteristics. Etched with 10 pct H,PO,. mately 33 pct for reproduction. 


X1000. Area reduced approximately 33 pct for reproduction. 


lower does bring out a fine precipitate within these 
eutectic areas but it still remains very light com- 
pared to that in the dendrites. 

The pattern of precipitation just described is not 
confined to 3S aluminum alloy alone. It has been 
noted by the writer in many different alloys con- 
taining manganese or chromium as alloy additions. 
Some references to this type of precipitate have been 
made by Seeman et al.,”” and by Chadwick, Muir, 
and Grainger.” In no case has a satisfactory ex- 
planation been given. ; 

Before the nature of the precipitate distribution 
could be decided, it was necessary to establish 
whether the distribution was a direct reflection of 
the solute distribution in the cast solid solution or 
whether diffusion during the heating used to bring 
about precipitation caused the heterogeneity. This 
was accomplished by etching the as-cast structure 
of 3S to reveal inhomogeneities in the solid solu- 
tion. Fig. 13 shows the result. Using oblique illu- 
mination, it can be seen that there is a sudden 
change in the rate of etching between the dendritic 
aluminum and the aluminum near the eutectic 
phases. The dendrites are depressed, indicating 
more rapid etching. The lines of demarcation be- 
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Fig. 12—The micrograph shows a typical section through a dendrite 
arm. X500. Area reduced approximately 20 pct for reproduction. 
The distribution of the solute in the original cast structure, as 
suggested by the precipitation pattern, is shown schematically. 
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tween rapid etching and slow etching aluminum are 
found to resemble the lines of demarcation between 
heavy concentrations of precipitate and light con- 
centrations, as in Fig. 11. 

Having concluded that the precipitation pattern 
reflects the concentrations of solute in the solid solu- 
tion, it can be logically assumed that the aluminum 
having the lowest concentration of some solute ele- 
ment (assumed to be manganese), always found in 
the dendrite interstices, is the aluminum which 
formed during crystallization of the binary eutectics 
comprising Al+ (Mn,Fe) Al, and Al+aAl1(Mn,Fe) Si. 
These eutectics are of a type designated as “entar- 
tetes Eutektium” (degenerate eutectic) by the Ger- 
mans and as “divorced eutectic” in this country. 
Because they solidify over a range of temperatures, 
there is a continuous orientation relationship be- 
tween primary aluminum and the eutectic aluminum 
(demonstrated in the case of 3S by methods of 
anodic film etching and examination in polarized 
light). The intermetallic phase of the eutectic ap- 
pears to bear no relation to the aluminum. 

The explanation of why the eutectic aluminum is 
so depleted in manganese could be based on the 
normal process of solidification of the binary eutec- 
tics (three-phase equilibria) to be expected in the 
ternary Al-Mn-Si system. Fig. 14 presents a series 
of isothermal sections within the solidification range 
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with two typical three-phase equilibrium triangles. 
Each triangle connects a particular liquid composi- 
tion (locus of points = line abc) with an aluminum 
solid-solution composition (locus of points = line 
def) and with the applicable second solid phase, 
MnAl, or aAlMnSi. The composition change of the 
aluminum solid solution during the crystallization 
of the binary eutectics was taken from Hanemann 
and Schrader.” At temperature t, where the four- 
phase equilibrium peritectic reaction occurs, there 
is a plane surface connecting all four phases. It is 
seen that for both binary eutectics the manganese 
content of the aluminum solid solution drops off 
rapidly as the liquid composition moves along the 
lines indicating the eutectic valleys. It is quite 
conceivable that this equilibrium depletion of the 
manganese in the eutectic aluminum is sufficient to 
- account for solute distribution in cast 3S structures. 

An additional factor to be considered is the ten- 
dency of manganese to supersaturate the solid solu- 
tion as reported by Hofmann.* For this reason some 
binary Al-Mn alloys were studied. First, an impure 
alloy, made with 99.8 pct Al and electrolytic man- 
ganese and containing 1.81 pct Mn, was chill cast 
and then heated to bring out the precipitate. It con- 
tained only MnAl, as the second phase and yet it 
showed a very marked precipitate pattern of the 
same type which appeared in 3S. However, the 0.13 
pct Fe and 0.10 pct Si in this alloy still left doubt as 
to whether its behavior was typical of a pure binary 
Al-Mn alloy. Hence the higher purity alloys with 
1.25 and 1.97 pct Mn were made up and examined 
metallographically. The 1.25 and 1.97 pct Mn alloys 
displayed relatively slight concentration gradients 
when compared with 3S or with the less pure 1.81 
pet Mn alloy. The chill-cast 1.97 pct Mn sample 
contained practically no eutectic structure, even 
though it represented the equilibrium eutectic com- 
position. This demonstrates the capacity for super- 
saturation of aluminum with manganese already 
mentioned. Both alloys contained a small amount 
of eutectic when solidified at a slower rate, the same 
as that used for 3S melt D. The primary aluminum, 
however, exhibited extremely little coring and the 
concentration gradients in the eutectic areas were 
very slight. It seems most likely that the solute dis- 
tribution in the aluminum solid solution of 3S cast 
samples is not a characteristic of the Al-Mn binary 
system. Rather, it could be explained more readily 
on the basis of normal solid solution coring followed 
by solidification of a binary divorced eutectic in a 
ternary alloy system. 


Conclusions 

The microstructures of 3S aluminum alloy have 
their origin in the Al-Mn-Fe-Si system but they can 
be most simply described by reference to the Al- 
Mn-Si phase diagram. The phases which can be 
found in the alloy are aluminum, (Mn,Fe)AL, 
aAl(Mn,Fe)Si, and silicon. A precipitation pattern 
commonly found in 3S cast microstructures after 
heating could also be explained on the basis of nor- 
mal solidification processes in the Al-Mn-Si system. 
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Fig. 14—Schematic representation of liquid-solid equilibria 
during solidification of an AlI-Mn-Si alloy. Temperature 
t,>t,>t, Line abc, the eutectic valley, gives the locus of 
liquid compositions in equilibrium with aluminum solid solu- 
tions whose locus is def and with either MnAlI, or awAlMnSi. 
The peritectic reaction at t, represents four phases in equi- 
librium. 
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Influence of Additives in the Production of High Coercivity 
Ultra-Fine Iron Powder 


by Edward W. Stewart, George P. Conard, ||, and Joseph F. Libsch 


The effects of several additives upon the reduction characteristics of hydrogen-reduced 
ferrous formate are described. The various additives inhibit sintering of the reduced iron 
particles by apparently different mechanisms. The magnetic properties of the low density 
compacts produced from the resulting ultra-fine iron powders were improved markedly. 


] Se permanent magnetic characteristics of ultra- 
fine iron powder prepared by various means have 
been a subject of considerable interest and experi- 
mentation in the past few years. When such particles 
are small enough to show single domain behavior, 
they possess 1—permanent saturation magnetization, 
and 2—high coercive force. In the absence of domain 
boundaries, the only magnetization changes in a par- 
ticle occur through spin rotation which is opposed by 
relatively large anisotropy forces. With decreasing 
particle size, the coercive force tends to increase to 
a maximum and then decrease because of the in- 
stability in magnetization associated with thermal 
fluctuations. 

Kittel’ has calculated the critical diameter at which 
a spherical particle of iron can no longer sustain 
domain boundaries or walls to be approximately 
1.5x10° cm. 

Stoner and Wohlfarth* * in England and Neel* ° in 
France have shown from purely theoretical calcula- 
tions that the high coercive force expected from 
single domain particles is dependent upon crystal 
anisotropy, shape anisotropy, or strain anisotropy 
contributions. 

Further work by Weil,* Bertaut,* and many others 
has contributed much to the understanding of fine 
particle theory. 

Neel and Meikeljohn* have demonstrated that a 
decrease in particle size below a critical value of 
approximately 160A leads to a quite rapid decrease 
in coercive force because of the prevention of stable 
magnetization by thermal agitation. 

Lihl,* working with powders prepared by the re- 
duction of formate and oxalate salts of iron, has 
shown the marked influence of powder purity upon 
magnetic properties. Maximum coercive force was 
obtained in powders of approximately 65 pct metallic 
iron content while the maximum energy product, 
(BxH)..x, occurred in powders of 85 pct metallic 
iron content. 

Careful consideration of the preceding theoretical 
considerations and experimental results has led to 
the manufacture of permanent magnets from ultra- 
fine ferromagnetic powders by powder metallurgy 
techniques. Such work has been done by Dean and 
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Davis," the Ugine Co. of France,“ and Kopelman.” 

The aforementioned work of Kopelman and the 
Ugine Co. was concerned somewhat with the effect 
of various additives upon the properties of hydrogen- 
reduced ferrous formate. Virtually no work, how-. 
ever, has been published on the effects of additives 
on the reduction rates of metal formates, although 
unpublished work by Ananthanarayanan™ showed 
promise of improved energy product in ultra-fine 
iron compacts prepared by the hydrogen reduction 
of a coprecipitated mixture of magnesium and fer- 
rous formate. 

After consideration of the preceding information, it 
was hoped that a better balance between the metallic 
iron content and particle size of the reduced iron 
powder could be accomplished by a prevention of 
the attendant sintering of the partially reduced iron 
powder during the reduction reaction. It appeared 
possible that magnesium oxide might interpose a 
mechanical barrier between adjacent iron particles 
and prevent their sintering together, while metallic 
cadmium and metallic tin would interpose a liquid 
barrier which might accomplish the same purpose. 
The degree to which these materials were effective 
in accomplishing the foregoing objective and the 
experimental details associated with the work are 
reported in the following sections of this paper. 


Experimental Procedure 

Preparation of Formate and Oxide Mixtures: To 
obtain ferrous formate of reproducible reduction 
characteristics, a slight modification was made in the 
technique of Fraioli and Rhoda.“ A supersaturated 
solution of ferrous formate was mixed with an equal 
volume of 95 pct ethyl alcohol and the formate 
crystals precipitated by stirring and screened to 
—325 mesh. These crystals were in the shape of 
elongated hexagons, approximately 4x10 micron in 
dimension. Various preparations of such ferrous 
formate, designated as lot III, were reduced for 2 
hr, yielding ultra-fine iron particles of exceedingly 
reproducible size, metallic iron content, and mag- 
netic properties. The magnesium and cadmium 
formates were prepared by the reaction of-dilute 
formic acid with their respective carbonates, while 
the tin formate was prepared by the reaction of 
dilute formic acid with stannous hydroxide. 

To evaluate the effect of metallic formate additives 
in intimate mixture with the ferrous formate, vary- 
ing amounts of magnesium, cadmium, and tin for- 
mates were coprecipitated with the latter. The des- 
ignations of these materials and their chemical com- 
positions are given in Table I.: Due to the differing 
solubilities of the various formates in aqueous media, 
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Table |. Designation of Coprecipitated Formates and Their 
Approximate Chemical Composition 


Designation 


Composition 
Lot III,M10F 10 pct Mg per unit contained iron in the formate 
Lot IlIl,M2F 2 pct Mg per unit contained iron in the formate 
Lot IlI,M0.4F 0.4 pct Mg per unit contained iron in the formate 
Lot III, C6F 6 pct Cd per unit contained iron in the formate 
Lot IlI,C4F 4 pct Cd per unit contained iron in the formate 
Lot III, C 2.5 F 2.5 pet Cd per unit contained iron in the formate 
Lot I1I,S5F 5 pct Sn per unit contained iron in the formate 


actual composition may vary widely from the nom- 
inal. However, the compositions given in Table I 
were verified either by spectrographic means or 
quantitative chemical analysis and found to be accu- 
rate to within +5 pct. 

In order to evaluate the effect of mixtures of 
metallic oxides and ferrous formate and to correlate 
the effect of these mixtures with the effect of co- 
precipitated material of the same composition, vary- 
ing amounts of cadmium oxide and stannous oxide 
were mixed with ferrous formate on rolls under an 
argon atmosphere. The designations of these mate- 
rials and their approximate chemical compositions 
are given in Table II. 

Powder Reduction: The mixed or coprecipitated 
formate powders were reduced in 10 g lots in a 
stream of dry purified hydrogen, flowing at the rate 
of 20 cu cm per sec. The reduction equipment used 
was that of Ananthanarayanan,” consisting of a 
small resistance wound furnace accurate to +5°F 
and a quartz tube into which the formate powder 
was inserted in a stainless steel boat. After reduc- 
tion, the ultra-fine iron powder, which is pyrophoric, 
was placed under a Kjeldahl joint in the quartz tube 
and covered with benzene to protect the material 
from atmospheric oxygen. 

Determination of Ultra-Fine Powder Properties: 
The reduced powder, while wet with benzene, was 
compacted at 60 tsi into bars approximately 
3.2x0.3x0.3 cm in dimension. These bars were stored 
under benzene until their magnetic properties were 
measured on a Sanford-Bennett-type high H per- 
meameter’™ at a field strength of 4000 oersteds. 

Since data by Franklin” and Ananthanarayanan”™ 
indicate excellent correlation between electron 
microscopy, X-ray line broadening, and nitrogen 
adsorption methods in the determination of particle 
size, the method of X-ray line broadening was 
chosen for reasons of convenience in this work. 

Lastly, the metallic iron content, as measured by 
the hydrogen evolution method, was chosen as a 
parameter for the determination of the degree of 
reduction of the material under a given set of condi- 
tions of formate composition and reduction tempera- 
ture. 

Experimental Results and Analysis of Data 

The magnetic properties, intrinsic coercive force 
(.H.), saturation induction (B-H), and remanence 
(B,), the X-ray particle size (A), and the metallic 
iron content are plotted against the reduction tem- 


Table II. Designation of Mixed Lot III, Ferrous Formate and Metallic 
Oxides and Their Chemical Composition 


Designation Composition 


6 pct Cd per unit contained iron in the formate 
5 pct Sn per unit contained iron in the formate 
2 pct Sn per unit contained iron in the formate 
0.2 pct Sn per unit contained iron in the formate 


Lot III, C 6 (0) 
Lot III, S 5 (0) 
Lot III, S 2 (0) 
Lot III, S 0.2 (0) 
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perature in °F for formates of given compositions in 
Figs. 1 through 12. 

Reduction of Ferrous Formate: The properties of 
ultra-fine iron produced from lot III ferrous formate 
without an additive material are shown as dashed 
curves on each figure for comparison purposes 
(Figs. 1 through 12). Maximum intrinsic coercive 
force obtained from the lot III ferrous formate oc- 
curs at a reduction temperature of 475°F (Fig. 1), 
a metallic iron content of 65 pct as predicted by 
Lihl” (Fig. 4), and a particle size of 290A (Fig. 3). 
Above 500°F, the lot III ferrous formate is almost 
completely reduced, possessing an extremely low 
intrinsic coercive force, together with a high metal- 
lic iron content of 93 to 95 pct. In this temperature 
range, the saturation induction and remanence 
values (Fig. 2) increase quite rapidly with increas- 
ing temperature until at 800°F the reduced iron 
powder possesses essentially soft magnetic charac- 
teristics. 

The maximum energy product (BxH) mx obtained 
from lot III ferrous formate was 0.3x10° gauss-oer- 
steds and occurred in powders reduced at 500°F for 
120 min, showing a metallic iron content of 85 pct 
and a compact density of 4.3 g per cu cm. 

Influence of Magnesium Formate Additions: In- 
creasing percentage additions of magnesium formate 
result in a gradual increase in the temperature at 
which maximum ;H, is obtained (475° to 575°F) 
and a 50 pct increase in ;H, (330 to 504 oersteds). 
The reduction characteristics of lot III ferrous for- 
mate are so altered that the ultra-fine iron powder 
retains its permanent magnetic characteristics over 
the entire reduction temperature range studied (Fig. 
1). Conversely, saturation induction and remanence 
values exhibit a marked decrease from their origi- 
nal values as the percentage addition of magnesium 
formate is increased (Fig. 2). This behavior ap- 
pears associated with the influence of the magne- 
sium formate addition upon particle size. 


500 ot LOT II 
o LOTILM2F 
400 LOT ITMO4F 
300 
a 
lW 
> 
oO 
200 
Z 
=. 100 


© 400 500 600 700 800 900 
REDUCTION TEMPERATURE °F 


Fig. 1—Variation of intrinsic coercive force with temperature 
of reduction for compacted powders produced from lot III, 
ferrous formate plus magnesium formate. 
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constant to 800°F, indicating that greater magne- 
sium formate additions are unlikely to further im- 
prove .H. values (Fig. 3). 

The increase in maximum ,H, and the lateral shift 


As the contained magnesium increases, the par- 
ticle size for a specific reduction temperature de- 


creases until, with lot M10F, the values are virtually 


° in the coercive force vs temperature curve may be 
x attributed to prevention of sintering of the reduced 
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Fig. 4—Variation of metallic iron content with temperature of 
reduction for powders produced from lot III, ferrous formate 
plus magnesium formate. 


Fig. 2—Variation of saturation induction and remanence with 
temperature of reduction for compacted powders produced 
from lot Ill, ferrous formate plus magnesium formate. 
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Fig. 3—Variation of particle size with temperature of reduc- 
tion for powders produced from lot Ill, ferrous formate plus 
magnesium formate. 
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Fig. 5—Variation of intrinsic coercive force with temperature 
of reduction for compacted powders produced from lot Il, 
ferrous formate plus cadmium formate or cadmium oxide. 
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sium oxide formed upon decomposition of the mag- 
nesium formate, together with an inhibiting action 
of that oxide upon the normal course of the reduc- 
tion reaction (Fig. 4). This inhibiting action, prob- 
ably caused by an interference with the diffusion of 
the reaction products from the partially reduced 
iron particles, would explain the marked decrease 
observed in the saturation induction and remanence 
values. 

The maximum energy product (BxH) mx obtained 
from lot III ferrous formate plus magnesium formate 
was 0.75x10° gauss-oersteds, an improvement of 150 
pet over the original lot III, and occurred in lot III 
M2F powders containing approximately 3.2 pct 
MgO which were reduced at 600°F for 120 min with 
a metallic iron content of 84 pct and a density of 
4.4 g per cu cm. 

Influence of Cadmium Formate or Oxide Addi- 
tions; Increasing percentage additions of cadmium 
formate do not result in a shift in the temperature 
at which maximum ,H, is obtained, but rather result 
in a broadened temperature range for maximum 
iH. (475° to 600°F) and a 45 pct increase in ,H, 
(330 to 480 oersteds), Fig. 5. Saturation induction 
and remanence values in the lower temperature 
range (450° to 600°F) undergo a considerable de- 
crease with increasing cadmium content, although 
the values obtained between 500° to 600°F remain 
approximately constant, Fig. 6. The sharp decrease 
in ;H., together with an equally steep increase in 
saturation induction and remanence values at re- 
duction temperatures above 600°F, result from a 
minimization of the effect of the cadmium additive 
due to its increase in vapor pressure and subsequent 
rapid evolution above its melting point of 609.6°F. 
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Fig. 6—Variation of saturation induction and remanence with 
‘temperature of reduction for compacted powders produced 
from lot III, ferrous formate plus cadmium formate or cadmium 
oxide. 
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Increasing cadmium formate additions effectively 
inhibit growth of the reduced iron particles to 600°F. 
However, above 600°F the particle size increases 
quite rapidly for all compositions and approaches a 
value of 1800A as the cadmium is volatilized 

The observed increase in ,H, and decrease in satu- 
ration induction and remanence values would appear 
to result from a decreased particle size obtained by 
a prevention of the sintering of the reduced iron 
powder and, at the same time, an inhibition of the 
normal course of reduction (Fig. 8). The mechanism 
proposed to explain the plateau effect in magnetic 
properties occurring between 500° to 600°F is one 
associated with the rate of reduction of the cad- 
mium formate, the appearance of metallic cadmium 
at approximately 500°F, and the rate of its subse- 
quent vaporization. This vapor appears to act as an 
insulating blanket which effectively halts particle 
growth and retards reduction at a given point as 
long as it is present. 

That this plateau effect is absent in the cadmium- 
oxide-ferrous formate mixture, lot III C 6 (0), may 
be attributed to the more ready reduction of cad- 
mium oxide, which would lead to the appearance 
and volatilization of the metallic cadmium early in 
the reduction. However, it may be argued that the 
absence of the plateau is related to the distribution 
of the cadmium. 

The maximum energy product (BxH),,.. obtained 
from lot III ferrous formate plus cadmium formate 
was 0.82x10° gauss-oersteds, an improvement of 160 
pct over the original lot III, and occurred in lot III 
C 2.5F powders containing approximately 2.5 pet Cd 
which were reduced at 500°F for 120 min with a 
metallic iron content of 68 pct and a density of 4.3 g 
per cu cm. 

Influence of Tin Formate and Oxide Additions: 
Increasing percentage additions of stannous oxide 
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Fig. 7—Variation of particle size with temperature of reduc- 
tion for powders produced from lot Ill, ferrous formate plus 
cadmium formate or cadmium oxide. 
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result in an upward displacement of the entire ,H, 
vs reduction temperature curve and a 50 pct increase 
in ,H, (330 to 504 oersteds), Fig. 9. Saturation in- 
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of reduction for powders produced from lot III, ferrous formate 
‘plus cadmium formate or cadmium oxide. 
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Fig. 9—Variation of intrinsic coercive force with temperature 
‘of reduction ‘for compacted powders produced from lot III, 
ferrous formate plus tin formate or stannous oxide. 
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duction and remanence values approach a maximum 
at approximately 600°F and then remain relatively 
constant or decrease slightly with increasing reduc- 
tion temperature (Fig. 10). 

As before, the particle size for a given reduction 
temperature decreases with increasing tin content 
until the curve remains virtually horizontal. Even 
very small amounts of tin exhibit a marked effect 
upon the diameter of the ultra-fine iron particles 
produced (Fig. 11). 

The upward displacement of the ,H. curve would 
appear to be simply a result of a smaller particle 
size for a given reduction temperature. The sudden 
decrease in ,H, at approximately 500°F may be 
associated with formation of a liquid tin barrier at 
that temperature which would be expected to coat 
the partially reduced iron particles. This barrier, 
by its interference with sintering and diffusion, 
would account for the lack of further increase in 
the degree of reduction observed above 600°F (Fig. 
12) which in turn accounts for the approximately 
constant saturation induction and remanence values 
for a given composition observed above that tem- 
perature. 

As might be expected, values obtained by the 
addition of the tin as the oxide, lot III S 5(0), and 
as the coprecipitated formate, lot III S5F, were in 
excellent agreement, but are displaced toward the 
lower temperatures in the case of the oxide due to 
its higher reducibility in hydrogen. 

The maximum energy product (BxH) max obtained 
from lot III ferrous formate plus tin formate was 
0.75x10° gauss-oersteds, an increase of 150 pct over 
lot III and occurred in lot III S5F powder with ap- 
proximately 5 pct contained Sn, reduced at 550°F 


"O 

H=4000 OERSTEDS _] 
/ 
l2 / 

/ | 
10 

8 

=) | 

6 

< 

4q 

= LOT ILS 5(0O) Oo 
4LoTHs2(0) + x 
a 


SOOT OOO HOOT 
REDUCTION TEMPERATURE °F 


Fig. 10—Variation of saturation induction and remanence 

with temperature of reduction for compacted powders pro- 

duced from lot III, ferrous formate ‘plus tin formate or stan- 
_ nous oxide. 


TRANSACTIONS AIME 


LOT 

40001, Lotmssr 4 

3000|9 LoTIss@ | 
+ LOTIES2(0) 
2000 4 LOT II S0.2(0) | 
= 
S 
a 
oO / 
Z 1000 
Z 800 
a 600 7 
/ 
4 
or / 
a 300 
<x 200 

400 500 600 . 700 800 


REDUCTION TEMPERATURE °F 
Fig. 11—Variation of particle size with temperature of reduc- 
tion for powders produced from lot III, ferrous formate plus 
tin formate or stannous oxide. 


for 120 min with a metallic iron content of 69 pct 
and a density of 4.3 g per cu cm. 


Conclusions 

A significant improvement in the permanent mag- 
netic properties of ultra-fine iron powder obtained 
from hydrogen-reduced ferrous formate has been 
produced by the addition of various metallic com- 
pounds prior to reduction. The more important find- 
ings of this investigation may be summarized briefly 
as follows: 

1—Magnesium formate, cadmium formate, cad- 
mium oxide, stannous oxide, and tin formate, when 
added to ferrous formate prior to its reduction, pro- 
duce effects which differ in detail, but which in 
general indicate a retardation both in the degree of 
sintering and the degree of reduction of the ultra- 
fine iron powder produced at a given reduction 
temperature. 

2—The effect of these additives upon the magnetic 
properties of the ultra-fine iron compacts are such 
that the energy product, (BxH) max, of these com- 
pacts is increased approximately 150 pct over that 
obtained from the original ferrous formate under 
comparable reduction and testing conditions. 

3—Fine powder permanent magnets possessing 
energy products of 0.82x10° gauss-oersteds, coupled 
with densities of 4.3 g per cu cm, have been pre- 
pared. 

4—-It appears practical to control effectively both 
the particle size and metallic iron content of ultra- 
fine iron powder by use of the correct amount of a 
given additive to the ferrous formate prior to its 
reduction. 

5—The use of additives facilitates the production 
of fine iron powder with critical particle size by 
broadening the range of temperature for successful 
reduction. 
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Resistance Sintering Under Pressure 


by F. V. Lenel 


Resistance sintering under pressure is a method of hot pressing in which a powder 
compact is subjected to pressure and simultaneously heated by passing a low voltage 
high amperage current through it. Equipment for this process is described. Its basic 
characteristics such as resistance requirements for powders and compacts, temperature 
distribution in compacts, and gas reactions during resistance sintering are discussed. Ex- 
amples of the sintering process in compacts made of a single metal or an alloy powder 
and in compacts made of mixtures of powders are presented. Potential commercial appli- 


cations of the process are evaluated. 


HE usual sequence of operations in commercial 

powder metallurgy is to compact metal powders 
in a die at room temperature and sinter the compact 
subsequently without applying pressure while the 
compact is in the sintering furnaces. In hot pressing, 
on the other hand, the compacting and the sintering 
are combined. The loose powder, or in many cases 
a cold formed compact, is inserted into the die which 
is held at the hot pressing temperature, the compact 
is left in the die until it attains its temperature, and 
then pressure is applied and maintained for a given 
length of time. The die may be heated by surround- 
ing it with a suitable furnace, by high frequency in- 
duction heating, or by passing current through the 
die. In hot pressing, compacts of high density and 
good mechanical properties can be produced in a 
relatively short time. 

One of the principal difficulties in hot pressing is 
the lack of suitable die materials which will have 
adequate strength at the hot pressing temperature. 
This difficulty can be overcome at least partially by 
heating only the material to be hot pressed without 
heating the die directly. This can be done by passing 
a low voltage high amperage current through the ma- 
terial and simultaneously subjecting it to pressure. 
Either loose powders or compacts can be hot pressed 
by this method in which the desired temperature is 
produced by the power dissipated in the metal pow- 
der. This method of hot pressing has been termed 
“electrical resistance sintering under pressure.” The 
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most significant differences between this operation 
and conventional hot pressing are: 1—The sintering 
times are very short, usually a fraction of a second 
and at most a few seconds. 2—The powder and die 
are initially cold. 3—Heat is generated within the 
powder itself and not conducted in from the die. 4— 
The pressure used is high. 5—Cooling following 
sintering is rapid, amounting to a quench. 
Resistance sintering of metal powders under pres- 
sure has been suggested repeatedly. In 1933, G. F. 
Taylor’ proposed an apparatus which consisted of an 
insulating tube made of glass, or a ceramic filled 
with the powder to be pressed, and plungers above 
and below the powder. The powder was to be 
heated by passing an electric current through it 
and pressure was then applied. The apparatus was 
intended principally for hot pressing cemented car- 
bides. Although the principle of resistance sintering 
under pressure is clearly shown in this patent, few 
details are given: A sintering period of a second or 
a fraction of a second, which is terminated by the 
operation of an inertia switch, is mentioned but no 
values for current density are mentioned. Low 
pressures, such as atmospheric pressure or a some- 
what higher pressure exerted through a lever, are 
suggested. W. D. Jones” discussed electrical resist- 
ance sintering under pressure and proposed using 
resistance welding apparatus for this purpose. In a 
patent issued in 1944, G. D. Cremer’ described a 
method of electrical resistance sintering under pres- 
sure using resistance welding apparatus which was 
to be applied mostly to nonferrous metals such as 
copper, brass, bronze, and aluminum. Current den- 
sities of 400,000 amp per sq in., sintering times of 1 
and 2 cycles of 60 cycle current, and pressures of 5 
to 10 tsi are proposed. Cremer suggested using an 
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electrically conducting die which was to be insu- 
lated from the metal powder by coating it with a 
mixture of aluminum flakes and stearic acid or some 
other insulating flake coating. W. F. Ross‘ received 
a patent in 1945 in which the method of resistance 
sintering under pressure was modified by introduc- 
a gradually increasing pressure and varying cur- 
rent. 

Resistance sintering under pressure was studied 
intensively at Rensselaer Polytechnic Institute dur- 
ing the past few years on the basis of several Navy 
research contracts. In these studies, it was attempted 
to gain an understanding of the basic characteristics 
of the process and to learn in what respect resistance 
sintering under pressure differs from other powder 
metallurgy processes. At the same time, the appli- 
cation of resistance sintering to a number of differ- 
ent materials was investigated, such as nickel and 
cobalt-base high temperature alloys, the refractory 
metals, molybdenum, titanium, zirconium and some 
of their alloys, cemented carbides, and other cermets. 

This paper will be limited to a discussion of the 
equipment used and of certain basic characteristics 
of the process. Specific applications will be used 
only as examples to illustrate these basic character- 
istics, but will not be discussed in detail as such. In 
a final section, potential applications of the sintering 
process are treated. 

Equipment 

Machines used in resistance sintering are very 
similar to spot welding machines. A machine es- 
pecially adapted to the technique was built by the 
Precision Welding Machine Co. and is shown in Fig. 
1. It consists essentially of two pressure cylinders, 
one above and one below the work to which two 
electrodes are attached. Each electrode can be 
moved separately and independently. The pressure 
applied to each electrode can be varied by changing 
the gage pressure of the compressed air admitted to 
the cylinder up to a maximum load of 17,000 lb. The 
rate of head travel is also variable up to a very rapid 
rate. Pressure and rate of head travel are so ad- 
justed that compacts of maximum density are pro- 
duced. Too low a pressure or too low a rate of head 
travel will result in incompletely densified compacts. 
Pressure above a certain minimum, which depends 
upon the material to be sintered and the other sin- 
tering conditions, are of no help in improving the 
properties of the compact and may distort other 
components of the sintering assembly. 

The electrodes carry the low voltage high current 
power which is supplied by a welding transformer to 
the work. The welding transformer in turn is con- 
nected to an autotransformer which is also housed 
inside the body of the machine. The autotransformer 
is supplied with 600 v single-phase current through 
a motor-generator set. 

Two General Electric thyratron control panels 
provide control of the sintering sequence and the 
sintering current. One of the panels is seen in the 
foreground, the other panel is partially covered by 
the first one. The sequence timer permits the auto- 
matic timing of the following sequence: 1—close 
electrodes, 2—apply pressure, 3—first pulse of cur- 
rent, 4—maintain pressure with no current flow, 
5—second pulse of current, 6—maintain pressure 
with no current flow, and 7—open electrodes. The 
current is switched on and off for each of the two 
current pulses by two sets of ignitron tubes. The 

‘sintering time and the interval during which no 
current flows, usually called “chill time,” are ex- 
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Fig. 1—Photograph of resistance sintering machine. 


pressed in cycles of 60 cycle current, each cycle 
corresponding to 1/60 sec. 

The amount of current flowing during each pulse 
can be controlled by phase shifting of thryatron 
tubes; it is expressed as percentage of full-phase 
current. The voltage applied during each pulse can 
be set by proper connection of the ignitron tubes 
with the taps of the autotransformer, which make 
it possible to vary the nominal voltage for each 
pulse from a minimum of 10 to a maximum of 40 v. 
These tap controls can be seen on the body of the 
machine. Because of the change in resistance of the 
compacts during sintering, the current during the 
sintering pulses generally will vary considerably. If 
a series of samples is to be sintered and the total 
heat generated in each of these samples is to be the 
same, it is not only necessary that the setting con- 
trolling the phase shifting of the thyratrons be the 
same in each case, but also that the initial resistance 
and the rate of change in resistance in all the sam- 
ples in the series be the same. 

It is sometimes easier to insure constant heat 
input from sample to sample by using current regu- 
lators, which automatically control the firing of the 
thyratron tubes in such a way that the current re- 
mains constant throughout a sintering pulse, pro- 
vided the changes in resistance are not too great or 
too rapid. Two current regulators, one for each of 
the sintering pulses, which can be put into or taken 
out of the circuit at the option of the operator, can 
be seen on the right of Fig. 1. 

When the current regulators are used, the current 
to be passed through the sample can be controlled. 
Current is first passed for at least 30 cycles through 
a dummy load, its magnitude is read on an Ester- 
line Angus recording ammeter. connected to the 
primary of the transformer, and the current regu- 
lator set so that the desired current is passed. This 
current is then passed through the sample to be sin- 
tered. If no current regulator is used and the cur- 
rent therefore varies, an indication of the total heat 
input may be obtained by means of an ampere 
squared second meter which reads the product of 
the time and the integrated square of the current 
passed through the sample. 

A visual record of the current passing through the 
sample during each cycle of the sintering pulses is 
provided by a Brush direct-inking magnetic oscillo- 
graph connected to the primary of the transformer. 

Determination of the total heat input during re- 
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Fig. 2—Schematic sketch of resistance sintering die assembly. 


sistance sintering would require measuring the in- 
stantaneous values of resistance during current 
pulses. Such resistance measurements are difficult, 
since they should include only the actual resistance 
of the sample but no contact resistances. 

A schematic cross-section of the setup for resis- 
tance sintering is shown in Fig. 2. The die body made 
of brass is split for easy opening and inserting of the 
ceramic liner. Most of the work was done on }% in. 
diam cylindrical compacts for which a %4 in. OD, 
% in. ID ceramic liner of suitable length made of a 
steatite composition with the trade name ‘“Alsimag 
35” is used. The green compact, or in some cases the 
loose powder, is placed between two so-called wafers 
which consist of Monel, steel, molybdenum, or tung- 
sten, depending on the material to be sintered. The 
plungers are made from a high conductivity, high 
- strength copper alloy such as Mallory No. 3 metal. 
The entire assembly is placed between the electrodes 
of the spot welder. Pressure is applied and the 
proper sintering current is passed. The purpose of 
wafers, which have a higher thermal and electrical 
resistivity and a higher melting point than the 
plungers, is to equalize as much as possible the 
heat distribution within the sample. Without the 
wafers, the heat would be conducted off too rapidly 
through the plungers and the ends of the samples 
would be insufficiently sintered. The sample is re- 
moved by unbolting the split die and by cracking 
open the liner. 

This arrangement, which requires a new liner for 
each sample to be sintered, is satisfactory only for 
research investigations or in those cases where the 
cost of the sintered compact is sufficiently high to 
warrant the use of expendable liners. Experiments 
have indicated that steatite-type ceramic liner may 
be satisfactory for repeated use in sintering certain 
materials if the liners are adequately backed up, for 
instance, by shrinking them into steel dies. In other 
cases, the final answer to the liner problem appears 
to lie in metallic liners having a thin ceramic coat- 
ing. Considerable additional development work will 
be necessary to find a solution to the liner problem 
for each practical application of resistance sintering 
under pressure. 


Resistance of Powder and Compacts 
A basic requirement for satisfactory resistance 
sintering under pressure is a sufficiently low resist- 
ance of the material to be sintered, be it the loose 
powder, the unsintered (“green’’) compact, or in 
some cases even a presintered compact. 
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An essential auxiliary apparatus for resistance 
sintering therefore is a device for measuring the 
room-temperature resistance of powders, green com- 
pacts, or presintered compacts. Such a device is 
shown in Fig. 3. It consists of a small laboratory 
press, a de current source, 2 electrodes, an ammeter, 
and a millivoltmeter. Green or presintered compacts 
can be inserted directly between the electrodes. 
Loose powders are confined within a nonconducting 
die during the test. In comparing different lots of a 
given powder, it is only necessary to determine rela- 
tive values for the resistance of the powder or com- 
pacts under a given pressure, which was chosen at 
2500 psi for green compacts and 10,000 psi for loose 
powder. 

The resistance of powder compacts depends upon 
the bulk resistivity of the material from which it is 
made and the contact resistances between individual 
particles. The former cannot be changed, but the 
latter often can be manipulated. The pressure with 
which the green compacts are pressed will affect the 
contact area and therefore the contact resistance be- 
tween the particles. Particle size and particle-size 
distribution will have its effect upon contact resist- 
ances. Even more important are surface films on 
many powder particles which may greatly increase 
the contact resistance. Particularly in powders which 
are difficult to deform plastically, it is important 
to remove, if possible, these surface films before at- 
tempting to resistance sinter the powders under 
pressure. Many metal powders therefore are sub- 
jected to a reducing treatment in hydrogen before 
being compacted. Such a treatment has been found 
very satisfactory for iron, molybdenum, cobalt, nick- 
el, chromium, stainless steel, and other powders. No 
such treatment is possible in the case of metals such 
as titanium or zirconium, nor of electrically conduct- 
ing ceramic powders such as the carbides, nitrides, 
borides, and silicides of the transition elements. 
Difficulties were encountered with certain of the 
ceramic powders which had high resistance in pow- 
der form even though the compounds in compact 
form have low resistivity. This applies to very fine 
zirconium boride and molybdenum disilicide pow- 
ders with particle sizes of a few microns. Apparently 
in the preparation of these powders, a certain amount 
of oxidation takes place so that surface films of high 
electrical resistance are formed which make it im- 
possible to resistance sinter the powders even though 
they can be satisfactorily sintered in conventional 
hot pressing. When mixtures of ceramics and metals 


Fig. 3—Appara- 
tus for measuring 
resistance of pow- 
ders. 
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Fig. 4—Brush oscillograph current traces for one and two- 
pulse resistance sintering. Bottom two traces are for high 
initial resistance. 


are to be sintered in which the ceramic constituent 
is an insulator, the percentage of the metal constitu- 
ent has to be high enough so that a continuous path 
for the electric current through the compact is pro- 
vided. 

Compacts whose resistance in the direction of cur- 
rent passage is of the order of 0.1 ohm or higher 
(i.e., a resistivity of 0.1 ohm-cm for the material 
in a ¥& in. high, % in. diam powder compact) will not 
pass sufficient current for sintering. If the resistance 
is somewhat lower down to a range of 0.01 ohm, 
sintering will still be unsatisfactory because the cur- 
rent will not pass uniformly through the cross-section 
of the compact. A very small current will pass first 
through the path of least resistance in the compact. 
This path will be heated sufficiently to cause a break- 
down of resistance. More current will then flow 
through the path of breakdown which is soon greatly 
overheated and expelled, while the rest of the com- 
pact through which hardly any current passes stays 
relatively cold. 

Compacts whose initial resistance is in the range 
of several milliohms often will exhibit very large 
and rapid changes in resistance during sintering. 
The sintering of these compacts can be controlled 
better by using two sintering pulses rather than one. 
Voltage and current for the first pulse are so ad- 
justed that the resistance of the compact breaks 
down and the time must be just long enough to ac- 
complish this purpose without overheating the com- 
pact. The second pulse does the actual sintering. 

The advantages of two pulse sintering in compacts 
having a relatively high initial resistance is illus- 
trated in Fig. 4. This figure shows the current traces 
of the Brush magnetic oscillograph during the sin- 
tering of three iron compacts. The low initial resist- 
ance of the first compact is only one fifth as large as 
the high initial resistance of the second and third 
which had about the same resistance. All three com- 
pacts were sintered using the current regulators. 
When the low resistance compact was sintered with 
a single pulse of 20 cycles, the current was essen- 
tially constant after the first 3 cycles; in other words, 
the current regulator effectively compensated for the 
changes in resistance during sintering. When the 
second compact was sintered with a single pulse, the 
changes in resistance were so large and so rapid that 
the current regulator was unable to follow these 
changes. Hunting occurred and the current did not 
become constant until 14 cycles had passed. In sin- 
tering a high resistance compact with two pulses of 
- 6 and 12 cycles and a 10 cycle interval in between, 
the current control was considerably more satis- 
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factory, as the current was essentially constant dur- 
ing the entire second pulse. Sintering with two 
pulses has also been found very advantageous when 
no current regulators were used. The setting of the 
phase-shifting controls for each of the pulses, and 
if desired also, the voltage setting for each of the 
pulses must be so adjusted that the desired resist- 
ance breakdown occurs during the first pulse and 
the actual sintering during the second pulse. These 
adjustments as well as the adjustment of the num- 
ber of cycles for each pulse and the interval between 
pulses are generally made by trial and error. 


Temperature and Temperature Distribution 

Because the sintering times during resistance sin- 
tering under pressure are of the order of a fraction 
of a second, the conventional methods of measuring 
the temperature and temperature distribution in the 
compacts, such as thermocouples or optical pyro- 
meters, cannot be used. Whether a compact is satis- 
factorily sintered or not is generally determined by 
measuring its density and other physical and mech- 
anical properties and by observing its microstruc- 
ture. In certain cases the microstructure may give 
a direct clue to the temperature reached during 
sintering. If, for instance, two metals such as nickel 
and chromium which form a eutectic are mixed and 
sintered and if the eutectic structure can be ob- 
served in the microstructure, the temperature must 
have been at least as high as the eutectic tempera- 
ture. Where it is desired to have exact knowledge of 
the temperature distribution within a compact, small 
metal wires of suitable melting point may be placed 
in the compact. After sintering, the compact is ex- 
amined to see whether the wires have melted or not. 
By using a number of wires with different melting 
points and placing them at a number of different 
positions in the compact, a satisfactory picture of 
temperature distribution can be obtained, although 
the method is certainly laborious. 

Fig. 5 shows the temperature distribution in a sin- 
tered iron compact determined in this manner. The 
maximum temperature in this compact is in the 
center and a temperature gradient runs from the 
center to the outside of the compact. The tempera- 
ture at compact-wafer interface is, to a large extent, 
a function of the size of the wafer and the electrical 
and thermal resistivity of the material of which it is 
made. The lower temperature at the compact-liner 
interface is to be expected, since the liner is not 
heated by the current and therefore conducts heat 
away. As long as the properties at the circumference 
of the sintered compact are not impaired, this lower 
temperature is desirable because it keeps the com- 
pact from reacting with the liner material at the 
sintering temperature. In critical cases, it is even 
possible to grind incompletely sintered material 
from the outside of the compact. 

In metal and alloy powder compacts, particularly 
when their length is not much larger than their 
diameter, it is found that the compacts are satis- 
factory from the point of view of density, micro- 


Fig. 5—Tempera- 
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Table 1. Comparison of Properties of Resistance Sintered, 
Conventionally Sintered, and Arc-Cast Titanium 


Re- 
Tensile Elonga- duction 
Strength, tion, in Area, 


Raw Material Treatment Psi Pet Pet 


Arc-cast, rolled, and 
annealed 
Conventionally sin- 
tered in vacuum, 
rolled, and annealed 82,000 28 — 
As-resistance sintered 
under pressure 
As-resistance sintered 
under pressure 


Titanium sponge 

80,000 25 55 

Bureau of Mines 
titanium powder 


du Pont titanium 
sponge 

Bureau of Mines 
titanium powder 


62,200 25.6 59.0 
91,000 5.2 _ 


structure, and mechanical properties even if a cer- 
tain temperature gradient exists during sintering. 
Sintering experiments with certain cermets showed 
that in these materials an even temperature distri- 
bution is very critical, apparently because the tem- 
perature range within which these materials can be 
sintered is relatively narrow. The resistance sinter- 
ing experiments on a titanium carbide cermet illus- 
trate this point. The mixture to be sintered consisted 
of 80 pct of titanium carbide containing a minor 
proportion of columbium and tantalum carbide and 
20 pet nickel corresponding to the grade K 151 A of 
Kennametal Inc. The powder was mixed with 1 pct 
of stearic acid in order to facilitate the handling 
of the green compacts. The mixture was cold pressed 
into a 5 g \% in. diam compact at 25 tsi, heated very 
slowly in a graphite container to 1000°F in order to 
drive off the stearic acid, and then presintered for 1 
hr at 2300°F in hydrogen. This presintering treat- 
ment reduced the resistance of the compact and 
therefore made it easier to resistance sinter. It 
also facilitated handling the compact. It was shown 
previously that a compact sintered between flat 
wafers is hotter in the center of the compact than on 
its outside. In order to equalize more nearly the 
temperature within the cemented titanium carbide 
compact, it was sintered between one flat wafer and 
one concave wafer. This arrangement, in effect, 
causes an uneven distribution of the current over 
the circular cross-section of the sample. More cur- 
rent will flow near the edge where the path of the 
electrical current is shorter than will flow through 
the center where the path is longer. Therefore, more 


heat will be developed near the edge, but the excess - 


amount of heat is conducted off through the wall of 
the liner and the overall temperature distribution is 
more even. Considerable work was necessary to find 
the best curvature for resistance sintering the 5 g 
¥% in. diam titanium carbide cermet compacts. 
Whether a given wafer shape gave satisfactory com- 
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Fig. 6—Hardness distribution in a resistance sintered titanium 
carbide cermet compact. RA hardness readings. 
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pacts or not was evaluated by determining the hard- 
ness distribution throughout the compact. For this 
purpose, the compacts were ground flat on either 
side and hardness traverses were run across their 
diameter. Then additional grinding cuts were taken 
and new traverses were run. The result for the best 
titanium carbide cermet compacts is shown in Fig. 6. 

It will be seen that near the surface there are still 
numerous soft spots which correspond to porous or 
insufficiently sintered areas, but that further inside 
the compact the hardness was quite uniform and of 
the same magnitude as for conventionally sintered 
compacts of this same composition. The thermal 
shock resistance and the oxidation resistance of the 
powder compacts were also equal to that of conven- 
tionally sintered material. In order to make strength 
tests, rectangular compacts 4gx¥sx1 in. were resist- 
ance sintered. These compacts however were not as 
uniform in hardness as the cylindrical compacts. 
Therefore it is not surprising that they also were not 
equivalent in modulus of rupture. 


Gas Reactions During Resistance Sintering 

One of the most striking consequences of the very 
short resistance sintering times is the possibility of 
sintering, without atmosphere protection, metals 
which react readily with gases. This is illustrated by 
experiments on resistance sintering titanium and 
zirconium metal powders, both of which react very 
rapidly at elevated temperatures with hydrogen, 
nitrogen, and oxygen. The conventional sintering of 
cold-pressed titanium and zirconium metal powder 
compacts is performed therefore in high vacuum.” ° 
Resistance sintering experiments on titanium were 
performed on titanium metal powder and titanium 
sponge. The powder was obtained from the United 
States Bureau of Mines and had been prepared by 
acid leaching of the reaction product between tita- 
nium tetrachloride and magnesium metal. The tita- 
nium sponge samples had been prepared by E. I. du 
Pont de Nemours and the National Lead Co. by 
purification through vacuum distillation of the re- 
action product between titanium tetrachloride and 
magnesium metal. 

A typical treatment for both sponge and powder 
compacts yielding compacts of 4.50 to 4.54 g¢ per ce 
density, 99 to 100 pct of theoretical, was as follows: 
the powder or sponge was cold-pressed at 35 tsi into 
green compacts weighing 7 g each. Three of these 
compacts were resistance sintered in tandem with a 
sintering pressure between 7% and 10 tsi, 11 ka 
current, and a sintering sequence of 10 cycles on, 
10 cycles off, 10 cycles on using the current regu- 
lator. The sintered compacts were }% in. in diam and 
approximately 1% in. long. For determining the 
tensile properties, the compacts were machined into 
subsize specimens with a gage length of 34 in. and a 
gage diameter of 0.160 in. The properties of speci- 
mens even when they were resistance sintered from 
the same lot of titanium powder or sponge exhibited 
a fairly wide variation. Some typical results of ten- 
sile tests are compared with those on conventionally 
sintered and on arc-cast titanium in Table I. it will 
be seen that the resistance sintered Bureau of Mines 
powder compacts were much less ductile than the 
resistance sintered sponge titanium compacts. These 
latter compacts were as ductile although not quite 
as strong as commercial arc-cast titanium or con- 
ventionally sintered, cold rolled, and annealed Bu- 
reau of Mines powder compacts. Differences in im- 
purity content of the raw materials, the sponge being 
purer than the powder, may have contributed to the 
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Fig. 7—Inclusion in resistance sintered com- 
pact from Stellite 30 alloy powder. X500. 
Area reduced approximately 35 pct for re- 
production. tion. 


difference in ductility between the resistance sin- 
tered sponge and powder compacts. The principal 
reason for the ductility difference and also for the 
variation from lot to lot is, however, the difference in 
the amount of impurities picked up from adsorbed 
or occluded gases during resistance sintering. More 
of the gases are contained in compacts made from 
powders which have a relatively high specific sur- 
face than in compacts from sponge with a low spe- 
cific surface. 

This explanation was confirmed by experiments 
on resistance sintering zirconium metal powder. 
The zirconium powder used was obtained from 
Sylvania Electric Products Inc. and had been pre- 
pared by converting zirconium “crystal bars’ (zir- 
conium from the thermal decomposition of zirconium 
iodide) into zirconium hydride and decomposing this 
hydride into zirconium metal powder. This powder 
had not come into contact with air, but was shipped 
under argon. From this powder, compacts were pre- 
pared by cold compacting in air followed by resist- 
ance sintering in air on the one hand and, on the 
other hand, by cold compacting in a dry box in an 
atmosphere of argon without letting the powder get 
in contact with air until just before the green com- 
pact was resistance sintered, and then resistance 
sintering in air. 

The cold compacting and resistance sintering con- 
ditions were otherwise identical: 10 g samples of 
powder were cold compacted into % in. diam cyclin- 
drical specimens under a pressure of 35 tsi and re- 
sistance sintered with a pressure of 8 tsi, 11 ka 
current, and a sintering sequence of 6 cycles on, 5 
cycles off, 11 cycles on using the current regulator. 
The ductility of the compacts was tested by grind- 
ing them into rectangular bars with a % in. square 
cross-section, cold rolling them between flat rolls 
with reductions of 1 and 2 pct per pass, and noting at 
what percentage of reduction in thickness the first 
cracks appeared. The results in Table II are com- 
pared with those of Hausner® on zirconium hydride 
compacts conventionally sintered in a vacuum into 
sintered zirconium. It is obvious that the compacts 
cold pressed in air were much less ductile than the 
ones pressed in argon. Evidently, the air adsorbed 
and occluded during cold pressing reacted with the 
metal during resistance sintering, causing it to be- 
come brittle. If air was excluded during compacting, 
the compacts could be cold rolled 30 to 40 pct before 
edge cracking, which is only slightly less than 
Hausner’s compacts. 

The absence of a protective atmosphere, or more 
particularly a reducing atmosphere, in resistance 
sintering under pressure means, of course, that any 
oxides present in the compact will not be reduced 
and thus will be present in the sintered part. This 
indicates again how necessary it is to treat carefully 
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Fig. 8—Resistance sintered compact from Bu- 
reau of Mines titanium powder. X200. Area 
reduced approximately 35 pct for reproduc- 


Fig. 9—Resistance sintered compact from 
du Pont titanium sponge. X250. Area reduced 
approximately 35 pct for reproduction. 


before resistance sintering those metal powders 
whose oxides can be reduced. Fig. 7 clearly demon- 
strates this point. It shows oxide inclusions in a 
specimen sintered from an alloy powder having the 
composition of alloy 422-19, Stellite 30, which con- 
tains nominally 25 pct Cr, 16 pet Ni, 6 pet Mo, 0.4 
pct C, and the balance cobalt. It is interesting to note 
that a certain amount of spheroidization of the in- 
clusions seems to have taken place in spite of the 
short sintering time. Nevertheless, such oxide net- 
works constitute a path of weakness in the compact 
and are one of the reasons for the inferior properties 
sometimes observed in compacts resistance sintered 
under pressure. 


Rapid Cooling of Resistance Sintered Compacts 

Rapid cooling after sintering is one of the basic 
characteristics of resistance sintering under pres- 
sure. It may be illustrated by micrographs of tita- 
nium and zirconium compacts in the “as-sintered” 
condition, which means that they were effectively 
quenched from above the transformation tempera- 
ture. Figs. 8, 9, and 10 show the structure of com- 
pacts from Bureau of Mines titanium powder, du 
Pont titanium sponge, and Sylvania zirconium pow- 
der. All samples exhibit the typical Widmanstaetten 
structure of quenched titanium and zirconium. It is 
particularly pronounced in the Bureau of Mines tita- 
nium powder which has reacted with adsorbed and 
occluded atmospheric impurities during resistance 
sintering. 


Sintering Process in Single Metal or Alloy 
Powder Compacts 
When cold pressed compacts of a single metal 
powder or an alloy powder are sintered without the 
application of pressure, the initial interparticle 
bonds formed during pressing at points of contact 
grow laterally, and the total volume of void space 
is decreased by the rapid movement of metal into 


Table Il. Comparison of Properties of Conventionally 
and Resistance Sintered Zirconium 


Pct Reduction 
in Thickness 


Upon Cold 
Rolling When: 
First Edge 
Hardness, Cracks Ap- 
Treatment Density Ra peared 
Zirconium hydride powder 
conventionally sintered 
in vacuum 6.60 — 53 to 72 
Zirconium powder com- 
pacted in air and re- 
sistance sintered under 
pressure in air 6.48 to 6.52 60 61% to 8 
Zirconium powder com- 
pacted in argon and 
resistance sintered un- 
der pressure in air 6.54 to 6.60 56% to 57 32 to 42 
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Fig. 10—Resistance sintered zirconium pow- 
der compacts. X600. Area reduced approxi- 
mately 35 pct for reproduction. 


Fig. 11—Typical grain size of resistance 
sintered compact from Stellite 30 alloy pow- 
der. X1000. Area reduced approximately 35 
pct for reproduction. 


sintered molybdenum Fig. 14—Resistance sintered molybdenum 
powder compact with coarse grain size. X100. 
Area reduced approximately 35 pct for re- 
production. 


Fig. 13—Resistance 
powder compact with medium grain size. 
X100. Area reduced approximately 35 pct 
for reproduction. 


Fig. 12—Resistance sintered molybdenum 
powder compact with fine grain size. X100. 
Area reduced approximately 35 pct for re- 
production. 


atomized 
brass powder. X500. Area reduced approxi- 
mately 35 pct for reproduction. 


Fig. 15—Dendritic structure in 


Fig. 17—Resistance sintered compact of 80 
pct Ni, 20 pct Cr. Lowest energy input. X100. 
Area reduced approximately 35 pct tor re- 
production. 


Fig. 16—Resistance sintered brass powder 
compact. X500. Area reduced approximately 
35 pct for reproduction. 


regions of sharp curvature next to the bonds. Be- 
cause surface tension, the driving force, is greatest 
where the curvature is greatest, the pores spheroid- 
ize and the smaller ones disappear as sintering pro- 
gresses. Recrystallization and grain growth begin at 
the bonds between particles where the deformation 
has been most severe. Grain growth is first confined 
within individual particles until the continuity of the 
metal has been increased by spheroidization and dis- 
appearance of voids, at which time considerable 
grain growth occurs. Any unreduced oxides or other 
nonmetallic inclusions usually spheroidize during 
sintering. During ordinary sintering, therefore, a 
powder compact changes from a group of particles 
held together by bonds at the points of contact and 
surrounded by a nearly continuous network of voids 
to a dense continuous metal with equiaxed grains, 
spheroidized, evenly distributed pores, and spheroid- 
ized inclusions. 

In hot pressing, it is the applied stress rather than 
surface-tension forces which promotes densification 
of the compact. If temperature and pressure are high 
enough, complete densification may be expected in a 
very short time. In electrical resistance sintering 
under pressure, compacts of high density could be 
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Fig. 18—Resistance sintered compact of 80 
pet Ni, 20 pct Cr. Next to lowest energy 
input. X100. Area reduced approximately 35 
pct for reproduction. 


prepared if a suitable current, which means a suffici- 
ently high sintering temperature, was chosen. This is 
illustrated in Table III which shows how the density 
of molybdenum compacts, which are resistance sin- 
tered under pressure, increases with increasing cur- 
rent inputs. For purpose of comparison, the density 
of molybdenum bars prepared by the classical 
method of resistance sintering refractory metals 
without pressure is also given. 

When cylindrical compacts, which have a ratio of 
length to diameter of not more than 1, were resist- 
ance sintered under pressure, it was always found 
possible to obtain densities of 98 pct of theoretical 
and higher even in the case of refractory metals like 
molybdenum or refractory alloy powders like Stel- 
lite 30. If the ratio of length to diameter was larger 
than 1, difficulties were encountered with the re- 
fractory alloy powder Stellite 30. In order to pro- 
duce a specimen long enough for stress-rupture 
testing, three green compacts % in. diam and 1% in. 
long were sintered in tandem choosing a power input 
just short of melting the specimen. The resulting 
compacts had densities of 8.33 to 8.34 g per cc which 
are 99.2 to 99.3 pct of theoretical and would appear 
quite satisfactory. However, when these compacts 
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were machined into test specimens, the density de- 
creased to 8.12 to 8.15 g per cc which indicated that 
the porosity in the compacts was concentrated in its 
center and therefore impaired their strength prop- 
erties. 

When recrystallization and grain growth during 
conventional sintering and during hot pressing are 
compared, both favorable and unfavorable factors 
are evident. Since, during hot pressing, extensive 
contact between powder particles is more rapidly 
established, grain growth becomes possible at an 
earlier stage than in sintering without pressure. On 
the other hand, the shorter sintering times in hot 
pressing, and particularly in resistance sintering un- 
der pressure, will be unfavorable to grain growth. 
The grain size of compacts resistance sintered under 
pressure is therefore generally small. As an example, 
the microstructure of a Stellite 30 alloy powder 
compact with a grain size of 4x10” mm is shown in 
Fig. 11. In this case a larger grain size would have 
been desirable, since Grant’ found that precision cast 
cobalt-base high temperature alloys have increasing 
high temperature strength with increasing grain 
size up to a grain size of 12 to 14 grains per speci- 
men cross-section. 

Occasionally, grain growth was observed even 
though the sintering times were very short. For the 
case of molybdenum powder, this is shown in Figs. 
12, 13, and 14. These are microstructures of sections 
of three compacts from the same powder resistance 
sintered under pressure, 10 cycles at 20 ka, 20 cycles 
at 20 ka, and 20 cycles at 28 ka, respectively. The 
grain size of the specimen, Fig. 12, is about the same 
as the particle size of the molybdenum powder, but 
increasing amounts of grain growth have occurred 
in the other two specimens. To produce grain growth 
such as in the specimen Fig. 14, the sintering tem- 
perature must have been very near but yet below 
the melting point of molybdenum. Temperature con- 
trol close enough to produce such large grain sizes 
reproducibly throughout an entire compact and from 
compact to compact generally is not feasible. 


Sintering Process in Compacts Made of Mixtures 
of Powders 

If a homogeneous alloy is produced by sintering a 
compact made from a mixture of elemental metal 
powders, homogenization takes place through diffu- 
sion in the solid state. In powder compacts with the 
usual particle-size distribution from a few microns 
to about 150 microns, the diffusion taking place 
during the very short sintering times of resistance 
sintering under pressure is insufficient to accomplish 
homogenization even at temperatures just below the 
appearance of a liquid phase. In order to achieve a 


Resistance sintered compact of 80 


pct Ni, 20 pct Cr. Next to highest energy pet Ni, 20 pet Cr. Highest energy input. 
-input. X100. Area reduced approximately 35 X100. Area reduced approximately 35 pct 


pet for reproduction. for reproduction. 
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Table Ill. Density Comparison of Molybdenum Compacts 
Resistance Sintered With and Without Pressure 


Relative 
Treatment Density, Pct 
Resistance sintered under 5 tsi pressure, 20 ka 
current, 20 cycles 92.5 
Resistance sintered under 5 tsi pressure, 22 ka 
current, 20 cycles 94.6 
Resistance sintered under 5 tsi pressure, 24 ka 
current, 20 cycles 97.6 
Resistance sintered without pressure 90 to 92 


considerable degree of alloying between the metal 
powders in the mixture, the compact has to be 
heated high enough so that a liquid phase is formed. 
Experiments which illustrate this point were con- 
ducted on compacts consisting of iron powder plus 
graphite. Copper wires which melt about 85°F below 
the eutectic temperature for the Fe-C system were 
imbedded in the compact to serve as temperature 
indicators. Only in compacts where the compact had 
melted was there any appreciable quantity of pear- 
lite formed, indicating that diffusion of carbon into 
the iron took place only near or above the eutectic 
temperature. 

This does not mean that no solid-state diffusion at 
all takes place during resistance sintering under 
pressure, but only that distances over which diffu- 
sion can be observed are very short and that the 
degree of homogenization is limited. An example for 
such short-range diffusion during resistance sinter- 
ing is shown in Figs. 15 and 16. In Fig. 15 the micro- 
structure of an as-pressed but unsintered 70 pct 
Cu-30 pct Zn brass alloy powder compact is shown 
which clearly shows the cored dendritic structure of 
the atomized powder. In Fig. 16, which represents a 
resistance sintered compact of the same brass pow- 
der, the homogeneous equiaxed structure of an- 
nealed brass is apparent. The dendrite cell size in the 
atomized brass powder particles is only 2 to 5 
microns and the variation in composition would 
probably be only 10 to 15 pct. The diffusion there- 
fore is indeed quite short range. 

When the sintering temperature is raised suffici- 
ently so that a liquid phase is formed, structures can 
be produced by resistance sintering which combine 
high density with any desired degree of inhomo- 
geneity. This is illustrated by the microstructures in 
Figs. 17 to 20 for compacts from a mixture of 80 pct 
Ni and 20 pet Cr, which were resistance sintered 
under a series of increasing energy inputs, ranging 
from 16 ka at 10 cycles to 25 ka at 10 cycles for 
¥% in. diam, % in. long samples. In the microstruc- 
ture of Fig. 17, no reaction has yet taken place be- 
tween the chromium which is attacked by the elec- 
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Fig. 21—Compact of 90 pct WC-10 pct Co 
with 50 pet —20 micron, 50 pct —3 micron 
WC. Conventionally sintered. X1500. Area 
reduced approximately 35 pct for reproduc- 
tion. 
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Fig. 24—Resistance sintered compact of 92 
pet WC-8 pct Co. Excessively high energy 
input. X1500. Area reduced approximately 
pct for reproduction. 


make the carbide particles grow even though the 
sintering t is wery short. This is illustrated im 
Figs. 23 and 24, which show the microstructure of 
two compacts pressed from the same carbide-powder 
mixture of 92 pct WC and 8 pct Co. The compact in 
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Potential Applications of Resistance Sintering 
Under Pressure 
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25,000 to 125,000 amp per sq in. for sintering them in 
10 to 30 cycles. It has been shown that larger parts 
up to 3 In. in diameter can be resistance sintered 
under pressure when the sintering times are length- 
ened to several seconds and a sufficiently large power 
source is available; nevertheless, this size limitation 
must be considered. 
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Most of the specimens sintered were either cylin- 


ders or rectangular these simple 
parts have unif thickness in the direction 
of pressing and of current passage, problems are en- 
countered in obtaining uniform temperature distri- 
bution, It is therefore probable that the new method 
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Physical and Mechanical Properties of Rhenium 
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The fabrication of rhenium metal by powder metallurgy techniques is discussed. 
The following physical and mechanical properties have been measured and are 
reported: lattice constants, melting point, electrical resistivity, thermal expansion, 
spectral emissivity, modulus of elasticity, tensile properties and ductility at room 
and elevated temperatures, work hardening, recrystallization, grain growth, and 
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Table I]. Vacuum Fusion Analyses of Three Types of Rhenium 


Bhenium Hydrogen Oxyzgen Nitrogen 
Vapor deposited* 0.00014 0.0009 <0.00028 
Arc melted? 0.00010 0.0010 <0.0002 
Fabricated from 


sintered bar7+ 0.00006 0.0006 <0.0005 


* Rhenium deposited on a tungsten 
rhenium halide at elevated temperatures, 
ai Vapor-deposited rhenium bar, cut and arc melted 
‘7 Rhenium metal powder of the type reported in Table L 


wire by decomposition of a 


Rhenium in the form of vapor-deposited wire, 
formed by the decomposition of a rhenium halide on 
a hot tungsten wire, was used for experimental 
purposes in some instances. Arc-melted rhenium 
buttons, formed by fusion under argon of pieces cut 
from either pressed powder bars or vapor-deposited 
rod, also were used occasionally. The gas analyses of 
the three types of rhenium are recorded in Table II. 

Pressing and Sintering—Pressing: Preliminary ex- 
perimentation had shown that fabrication of massive 
rhenium prepared by arc casting or hot wire de- 
position from the hexachloride was very difficult. 
The underlying reason for this situation was the 
large grain size, which caused serious secondary 
tensile cracks on cold or hot working. Therefore, 
powder metallurgy techniques were employed for 
consolidation. 

Rhenium metal powder, of the type previously 
described, was pressed into 144x14x6 in. bar stock in 
a hardened steel die; an ether solution of stearic acid 
was used to lubricate the die walls. The die pressure 
necessary to secure maximum compacting was 30 
tsi. This produced densities of 35 to 40 pct of “theo- 
retical” (21 g per cc). The bars were very fragile, 
but increasing or decreasing the die pressure did not 
improve the as-pressed density. Further densifica- 
tion probably cannot be achieved easily by pressing 
alone because of rhenium’s exceedingly high work- 
hardening capacity. 

Presintering and Sintering: Sintering was divided 
into two steps: presintering to improve the strength 
for handling, and sintering for densification to a 
massive workable structure of low porosity. Presin- 
tering was done in vacuum. This treatment consists 
of heating the pressed rhenium bar for 2 hr at 
1200°C in a vacuum of about 0.01 micron pressure. 
Very little densification occurs (40 to 45 pct of theo- 
retical), but the bar is strengthened sufficiently to 
be handled for sintering. 

The final sintering is conducted under flowing tank 
hydrogen in a “bottle” of the type commonly used for 
sintering molybdenum and tungsten bars in indus- 
try. The resistance-heated bars are held vertically 
between water-cooled electrodes. The lower elec- 
trode extends into a pool of mercury providing a 
flexible contact to allow for shrinkage. Sufficient 
current (about 1200 amp at 6 to 8 v) is passed 
through the bars to raise their temperature to 
2700°C after emissivity corrections are applied. The 
temperature is read with an optical pyrometer and is 
close to 90 pct of that required to cause fusion. A 
brief summation of the pressing and sintering pro- 
cedures is given in Table III. E 

Approximately 30 rhenium bars, 60 to 65 g, have 
been sintered in this manner, and in almost all cases 
the resulting density fell between 85 and 93 pct of 
the theoretical. 
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Fig. 1—Rhenium metal powder reduced from ammonium per- 
rhenate. Particle size, 1 to 25 microns. X100. Area reduced 
approximately 25 pct for reproduction. 


Hot working: Rhenium appears to be character- 
ized by hot shortness, and, despite claims by Agte 
et al.’ that rhenium is both hot and cold workable, 
no fully satisfactory method for hot working has yet 
been developed in the present study. The hot short- 
ness is caused by a low melting (297°C) oxide, 
Re.O,, which readily forms at grain boundaries when 
rhenium is hot worked in air. 

No success was obtained in attempts to hot work 
either arc-cast, hot wire-deposited, or sintered pow- 
der metallurgy-type rhenium by forging, swaging, 
or rolling at temperatures ranging from 800° to 
1750°C. In fact, a most graphic picture of rheni- 
um’s hot shortness may be seen in Fig. 2 which 
shows a very pure 50 g arc-cast button before and 
after two blows by a forging hammer at 1500°C. 
The metal has virtually exfoliated at the grain 
boundaries. 

An experiment indicating that oxygen was the 
cause of hot shortness was conducted at this time. 
Three arc-melted buttons from the same piece of 
crystal-bar rhenium were used. The first specimen 
was retained as a blank for study in the as-cast 
condition. The second was heated in hydrogen at 
1500°C for 30 min, then cooled in the hydrogen at- 
mosphere without exposure to air. The third speci- 
men was heated in hydrogen to 1500°C for 10 cycles 
of 3 min each, being air quenched between each 
heating period to simulate the conditions under 
which it normally would have been hot worked. 
The metallographic structure of the three specimens 
is shown in Fig. 3 and their gas content recorded in 
Table IV. 

The first button showed a low oxygen, hydrogen, 
and nitrogen content and a clean structure. The 
second button showed a slight decrease in gas con- 
tent, particularly oxygen and hydrogen, but also 
exhibited some precipitation of foreign phases at 


Table Ill. Procedure for the Preparation of Sintered Rhenium Bar 
from Rhenium Powder 


Percent- 
age of 
Theoretical 
Time, Tempera- Density 
Operation Hr ture, °C Achieved Remarks 
Pressing 40 
Presintering 2 1200 45 
Sintering 1 2700 90 
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a—Arc-melted 
rhenium button. 
X2. 


the grain boundaries, possibly as a result of diffu- 
sion within the metal at the elevated temperature. 
The gas content of the third specimen increased 
greatly because of the 10 air quenches, and precipi- 
tation of foreign phases at the grain boundaries was 
heavy. This was probably due to inward diffusion 
of ambient gases, principally oxygen, during the ex- 
posure to air. It is highly probable that much of the 
grain-boundary precipitate is the low melting oxide, 
Re.O,, which liquefies at hot working temperatures 
and sufficiently weakens the grain interfaces to 
cause hot shortness. 

Subsequent attempts to hot swage arc-melted, hot 
wire-deposited, and sintered rhenium, encapsulated 
in steel and evacuated, were also unsuccessful. De- 
oxidation additions of 1 pct thorium, aluminum, 
zirconium, titanium, and uranium were ineffective. 

Only one instance of successful hot working has 
been noted. Sintered metal, cold rolled to about 75 
pet reduction by a procedure to be described, was 
hot rolled at 1475°C with moderate success. A total 
reduction of 60 pct was obtained; the metal was re- 
duced about 15 pct per pass. Little or no cracking 
occurred other than some previously present as a 
result of imperfect cold working. Surface condition 
was fair. The partial success of this one hot-rolling 
experiment indicates that, with care and by using a 
judicious amount of prior cold working, powder 
metallurgy-type rhenium may be hot worked. Suc- 
cess with the cold working of rhenium led to aban- 
donment of the studies of hot working. However, 
further investigation of this method is planned. 

Cold Working: Cold working of arc-cast rhenium 
has been somewhat successful but hot wire-deposited 
metal has not been cold worked successfully as yet. 
With sintered-type rhenium, satisfactory cold- 
working procedures have been developed. These 


a—As-received arc-melted button. 


Fig. 2—Hot shortness in t 


b—Button of a 
after two blows 
with forging 
hammer at 
1500°C. 


he forging of rhenium. 


procedures have been adequate for the preparation 
of wire, rod, and sheet in laboratory quantities. 

Early experiments, principally with arc-cast 
rhenium, established two salient points: 1—Rhenium 
appears to be extremely hot short, as already em- 
phasized. 2—Rhenium work hardens tremendously. 

The extreme resistance to deformation (rhenium 
work hardens from 250 to over 800 VHN when re- 
duced 30 pct in cross-sectional area by swaging) 
caused serious secondary tensile cracking of arc- 
cast metal when cold reductions of 10 pct or more 
were attempted. 

Accordingly, it was thought that, if a fine grained 
surface structure could be obtained by repeated light 
deformation and recrystallization, cracking would 
be eliminated and heavier reductions then might be 
possible. This general procedure was successful, as 
illustrated by the fabricated forms shown in Fig. 4, 
and has evolved into the cold-working methods to 
be described. 

Swaging: A sintered billet, often not quite square, 
is cold rolled by light reductions to a square, as 
shown in Fig. 5a. Following the squaring, it is neces- 
sary to anneal for % hr at 1700° to 1750°C to main- 
tain a low hardness. Next, the bar is cold peened or 
hand forged on the corners. This is done in several 
steps and gives a cross-section as shown in Fig. 5b. 
This operation usually causes a mild creping of the 
original square faces, which is eliminated by very 
mild rolling. 

The final preparation step is to cold roll the bar on 
the flats formed by the hammering operation to an 
octagon, as shown in Fig. 5c. Intermediate anneals 
maintain the hardness at a low level. 

Swaging is then started, reductions being possible 
at either 10 or 20 pct in cross-sectional area per pass 
(Fig. 5d). Annealing accompanies each swaging 


b—Heated in hydrogen at 1500°C for 30 min, c—Heated in hydrogen at 1500°C_ for 10 
hydrogen muffle cooled. 


periods of 3 min each, air quenched between 
cycles. 


Fig. 3—Micrographs of three heat-treated rhenium buttons. X 500. Area reduced approximately 50 pct for reproduction. 
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Table IV. History and Gas Content of Three Rhenium Buttons 


Vacuum Fusion 
Analysis, Ppm 


Refer- 

xy- - i - 

Button Condition Fig. 4 
la As arc melted 10 1.0 <2 a 


1b Heated in hydrogen at 

for 30 min; 
ydrogen muffle cooled 3 

le Heated in hydrogen at 
1500°C for 10 periods 
of 3 min each; air 
quenched between 
cycles 76 12.0 13 c 


pass and is of the order of 1 to 2 hr at 1700° to 
1750°C. Each anneal must reduce the surface hard- 
ness below 300 VHN before the next swaging oper- 
ation is permitted or the post-annealing hardness 
will creep upward, the bar eventually becoming so 
work hardened that surface cracking appears. A 
hardness reading should be taken after every other 
cycle to provide proper control. 

Wire Drawing: At 60 to 65 mil diam, swaging 
ceases; wire drawing is the next logical fabrication 
step, but rhenium possesses such great resistance to 
deformation that reduction to wire has been ac- 
complished so far only with considerable difficulty. 
The 60 to 65 mil rod is first scalped with a fine alu- 
minum oxide wheel to remove surface imperfec- 
tions. The surface is then polished with 600 grit 
paper. Drawing commences at reductions of 10 pct 
with anneals between each pass. The best lubricant 
for drawing, among many tested, has a lithium stea- 
rate base. Even with this lubricant, rhenium tends 
to develop longitudinal pitted or scarred areas after 
a few passes. 

Wire drawing has produced sound 40 to 50 mil 
wire with a good surface. While rhenium has been 
drawn to a 12 mil diam, the surface was not satis- 
factory. Small cracks and fissures were present. 
The same condition exists, to a lesser degree, in 20 
to 30 mil drawn wire. 

From the results experienced in wire drawing, a 
rolling or hammering type of reduction would ap- 
pear to be preferable. Rhenium should respond to 
such treatment, as its excellent ductility is obvious 
from data reported in this paper. In preliminary 
work, rhenium has been reduced to fine square wire 
with a good surface by using a Turk’s Head draw 
plate. 

Cold Rolling: The technique of cold reductions and 
intermediate anneals was used in the fabrication of 
rhenium sheet. The sintered bar was first cold rolled 
a total of about 5 pct by a number of small reduc- 
tions to reduce edge cracking. Following this pre- 
liminary fabrication, reductions of 10 pct per pass, 
with intermediate anneals between each step, were 
employed to fabricate 10 mil strip. In all cases, the 
final surface finish was excellent. Occasionally, 
some edge cracking occurred early in fabrication, 
but this was removed by grinding and did not prop- 
agate. 

Rhenium sheet, for use in such devices as electron 
tubes, crucibles, etc., can be fabricated by cold 
rolling. When annealed, it can be bent readily; sharp 
bends, however, should be accompanied by one or 
two intermediate anneals. 

Cold rolling in form rolls has been successful, 
- also, but has not been utilized as extensively as other 
types of fabrication. 
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Physical Properties 

Some of the physical and mechanical properties 
of rhenium have not been determined, and others 
have been measured by only one investigator. Thus, 
it was felt that a general reappraisal of the physical 
and mechanical properties of rhenium was desirable. 
A discussion of the important physical properties 
determined in this investigation follows. 

Lattice Constants: Considerable disagreement is 
found in the literature with respect to the lattice 
constants of rhenium, a hexagonal-close-packed 
metal. The most accurate work with the purest 
materials appears to have been done by Stenzel and 
Weertz,’ who obtained the results recorded in Table 
V. Other values have been determined by Agte 
et Goldschmidt,® and Moeller.* 

Three sets of values have been obtained in the 
present work: one for purified powder reduced from 
ammonium perrhenate and two for crystal-bar 
rhenium, one a major and the other a minor pattern. 
All work was done by X-ray diffraction. 

As can be seen in Table V, the constants deter- 
mined from powder and from crystal bar (minor 
phase) agree well with the work of Stenzel and 
Weertz. The crystal-bar major phase does not agree 
closely, however, which could be a result of im- 
purities present in the crystal bar and not in the 
other materials studied. Interstitial impurities tend 
only to expand the lattice, while substitutional im- 
purities may cause either expansion or contraction. 
Since the major crystal-bar pattern is indicative of a 
contracted lattice, the conclusion may be drawn that 
part of the crystal bar exposed in test contained sub- 
stitutional impurities. 

Since the minor crystal-bar pattern, the powder 
pattern, and the work of Stenzel and Weertz agree 
quite closely, the powder pattern value from the 
present work is preferred. In general, these values 
are all slightly lower than those found by previous 


Fig. 4—Rhenium fabricated from sintered bar. A is 0.160 in. diam 
swaged rhenium wire; B, 0.060 in. diam swaged rhenium wire; C, 
0.026 in. thick rolled rhenium sheet; and D, 0.080 in. diam annealed 
rhenium wire illustrating its ductility. 


A B C D 


Fig. 5—Steps in the preparation of rhenium rod. A is as-sintered 
rhenium cross-section; B, as-edge-forged rhenium cross-section; G 
as-octagonized rhenium cross-section; and D, as-swaged rhenium 
cross-section. 
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Fig. 6—Room temperature resistivity and the effect of cold work on 
the resistivity of rhenium. 


investigators, and tend to emphasize the high density 
of rhenium reported subsequently. 

Melting Point: Agte et al.* determined the melting 
point of rhenium to be 3440+60°K (3167+60°C) by 
the bored-hole method. Pressed and sintered rheni- 
um was used, containing 0.01 pct impurity according 
to their paper. Jaeger and Rosenbohm’ reported 
3160°C (3453°K) a few years later, in excellent 
agreement with Agte’s work. 

Recently, in the present investigation, highly 
purified ammonium perrhenate was reduced to rhe- 
nium powder and the melting point of rhenium re- 
determined. The spectrographic analysis of this 
material is not available as yet. Two measurements 
were made by the bored-hole method; the hole 
depth was about seven times the diameter, assuring 
black-body conditions, and the bar was heated by 
self-resistance. The measurements were made with 
a calibrated Leeds and Northrup optical pyrometer 
containing a calibrated filter to cover the range of 


Table V. Lattice Constants of Rhenium 


do, A Co, A c/a Investigator Remarks 
2.760* 4.458* 1.615 Present work Purified powder 
2.753* 4.445* 1.615 Present work Crystal bar (major) 
2.7607 4.460; 1.616 Present work Crystal bar (minor) 
2.760t 4.458t 1.615 Stenzel and 


Weertz? 


* Accurate to + 0.001A. 
+ Accurate to + 0.005A 
+ Converted from the literature to true angstrom units. 


172—JOURNAL OF METALS, JANUARY 1955 


Table VI. Melting Point of Rhenium 


Temperature, °C Temperature, °F Investigator 
317060 5740+110 Agte et alt 
3160 5720 Jaeger and Rosenbohm?® 
3180+20 5760+40 Present work 


temperature measured. The values obtained were 
3175° and 3184°C; the average value is reported in 
Table VI. These values also check closely the two 
values found in the literature and conclusively es- 
tablish the melting point of rhenium as occurring in 
the 3160° to 3180°C temperature range. Thus, 
rhenium has the second highest melting point of the 
metals, being exceeded only by tungsten (3380°C). 
One additional measurement was of interest, as it 
was obtained by the bored-hole method in crystal- 
bar rhenium vapor deposited on a fine tungsten wire. 
Since the hole for melting-point determination 
passed through the tungsten wire, the lowest melting 
eutectic of tungsten and rhenium should have been 
the melting point measured. Melting actually oc- 
curred at 2810°C, agreeing very closely with the 
value of 2800°C found by Becker and Moers’ for the 
lowest melting eutectic in the W-Re system. 

Density: The density value most commonly ac- 
cepted in the literature for rhenium is that of 20.53 g 
per cc, calculated by Agte et al.* from the presently 
accepted atomic weight of 186.31 and the lattice con- 
stants they determined. In the same work, they ob- 
tained an experimental density of 20.9 g per cc, indi- 
cating that their lattice constants were somewhat in 
error. One other value has been reported in the 
literature, that of Goldschmidt,’ who calculated 
21.40+0.06 g per ce. This, however, was based on 
an atomic weight now known to be incorrect. 

In the current investigation, several density meas- 
urements (see Table VII) were made on a fabri- 
cated rod approximately 0.150 in. in diameter and 
6.6 in. long. This rod had been swaged from over 
0.20 in. diam and was completely sound, as verified 
by metallographic inspection. 

Density values obtained by water displacement 
measurements with this bar were 21.02 and 21.03 g 
per cc. These are the highest measured densities 
recorded for rhenium and since most impurities 
could only lower the density, they are probably the 
most correct. In addition, calculation of the theoret- 
ical density from the lattice constants, as determined 
above, gave the last value in Table VII, 21.04 g per 
cc, in excellent agreement with the experimental 
value of 21.02+0.01 g per cc. 

The values obtained in this work establish rhe- 
nium as the fourth most dense element, following 
osmium (22.6), iridium (22.5), and platinum (21.5). 

Electrical Resistivity: The resistivity of rhenium 
at 20°C has previously been determined by Agte 
et al.’ and the resistivity at 0.16°C was measured by 
Meissner and Voigt.® These values are reported in 
Table VIII where the value of Meissner and Voigt 
has been corrected at 20°C by the use of Agte’s tem- 
perature coefficient of resistivity (3.11x10°% per °C 
in the range from 0 to 100°C). 

In the current work, determination of the resis- 
tivity at room temperature and the effect of cold 
work on resistivity were combined. Several rhe- 
nium wires, ranging in initial size from 50 to 60 mil 
diam and usually about 8 in. long, were annealed to 
hardnesses well below the 300 VHN threshold. The 
resistance of these wires was then measured by a 
nul method on a Kelvin bridge. With the diameters 
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Fig. 7—Spectral emissivity of rhenium. 


known from micrometer measurements, the test 
length standard, and resistances taken from the 
Kelvin bridge, the resistivity was then calculated. 

Following the recording of a few annealed rhe- 
nium measurements in the foregoing manner, the 
wires were reduced cold by wire drawing in amounts 
ranging from 6.5 to 24.2 pct reduction in cross- 
sectional area. The resistance was then measured 
and the resistivity calculated for the as-worked 
wires. The wires were then annealed and the resis- 
tivities were calculated at the lower diameters. This 
cycle continued until 24 annealed readings and 14 
as-cold-worked readings were recorded. The data 
are presented in graphical form in Fig. 6. 

Considerable spread is noticeable among the an- 
nealed readings, but the average value agrees quite 
closely with the findings of Meissner and Voigt, 
about 2 microhm-centimeters below the more com- 
monly accepted value of Agte. The cold-worked 
resistivities also show some spread, but conclusively 
establish that cold-working increases the resistivity 
of rhenium about 2 microhm-centimeters with 25 
pet reduction. Possibly Agte’s rhenium was not 
sufficiently well annealed. 

Thermal Expansion: The linear thermal expansion 
of rhenium was determined by Agte et al.’ at room 
temperature and 1917°C by X-ray methods. Their 
constants were: 6 [001] = 12.45x10° per °C + 8 pet, 
and 6 [100] = 4.67x10° per °C + 8 pct. Thus the c- 
axis expansion was 2.6 times the a-axis; they 
claimed no variation with temperature. 

In the present work, the linear thermal expansion 
coefficients for a 150 mil annealed rhenium rod 3 in. 
long have been determined in a recording dila- 
tometer over a temperature range from 20° to 
1000°C. The measurements, as reported in Table 
IX, show a slight increase in expansivity with in- 
creasing temperature. The mean expansion coeffi- 
cient between 20° and 500°C is 6.7x10%, slightly 
higher than tungsten which is 4.45x10~ for the same 
range.’ 

Spectral Emissivity: The first value of spectral 


Table VII. Density Determinations on Rhenium 


Determi- 
Density, Type of nation ; 
G Ce Method Investigator 
21.40+0.06 Unknown From lattice Goldschmidt® 
constants 
20.53 Probably From lattice Agte et al.t 
crystal bar constants 
20.9 Probably Probably Agte et alt 
crystal bar water dis- 
placement 
21.02+0.01 } Swaged, Present work 
.03+0.01 sintered bar placemen 
a 04:60:01 Crystal bar From lattice Present work 
constants 


Table VIII. Resistivities of Annealed Rhenium at or Corrected to 20°C 


Resistivity, p, 


Ohm-Cm x 106 Investigator 


Agte et al.1 
Meissner and Voigt® 
Present work, average 


21.1415 pet 
19.0* 
19.14+0.25; 


Corrected from 6.16°C. 
7 Corrected from an average temperature of 25°C. 


emissivity reported in the literature was that of 
Becker and Moers,’ coworkers of Agte, who calcu- 
lated a value of E, = 0.42. The specific temperature 
for this value was not mentioned. More recently, 
Levi and Espersen” reported a value of E, = 0.366 at 
about 2800°C. 

During current determinations of the melting 
point of rhenium by the bored-hole method, the 
spectral emissivity was also determined over a 
rather wide range of elevated temperatures. Black- 
body temperatures at the base of a hole, over six 
times as deep as its diameter, were measured by an 
optical pyrometer and compared to the surface read- 
ing of the bar adjacent to the hole. All necessary 
corrections for the absorption of sight glasses, etc., 
were introduced. After several melting-point deter- 
minations on different rhenium bars, approximately 
45 sets of readings were available at temperatures 
ranging from 1300° to 3000°C. These were related 
by the well known equation 


where T is the black-body temperature, °K; T’ is the 
brightness temperature, °K (surface temperature) ; 
dh is 0.655, the wave length; C, is 14.362, a constant; 
and E, is the thermal emissivity. 

The emissivity, E,, was solved for each set of in- 
dividual points and plotted as a function of the 
black-body temperature (see Fig. 7). The data show 
a very definite approximately linear decrease of E, 
as the temperature increases. At 2800°C black-body 
temperature, the present data checks extremely well 
with that of Levi and Espersen; at about 1400°C, it 
checks with the value found by Agte and coworkers. 

For more common usage, a plot of the data pre- 
sented as black-body vs brightness temperature, cal- 
culated from Fig. 7, is presented in Fig. 8. 


Mechanical Properties 

Mechanical data for rhenium has been virtually 
undetermined as evidenced by the literature, despite 
hints from time to time that this metal might show 
rather high properties. The present work shows that 
rhenium is an amazingly strong metal and, unlike 
tungsten, it is ductile at room temperature. Further- 
more, it is not made brittle by recrystallization. 


Table IX. Linear Thermal Expansion Coefficients for Pure Rhenium 


Coefficient, 


Temperature 
1 per °C x 10-6 


Range, °C 


20 to 100 
20 to 200 
20 to 300 
20 to 400 
20 to 500 
20 to 600 
20 to 700 
20 to 800 
20 to 900 
20 to 1000 
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Modulus of Elasticity: No attempt had ever been 
made to determine Young’s modulus of elasticity for 
rhenium. However, Koster,” in a basic study of 
Poisson’s ratio in the periodic system, estimated the 
modulus of rhenium to be about 73x10° psi. 

Three annealed rhenium rods have been used in 
present measurements of this modulus. In each case, 
the material was swaged to 150 mil diam, then a 
in. standard tensile section was ground at the center 
of the rod. After grinding, the specimens were an- 
nealed, and two type A-7 strain gages applied. Load 
vs elongation curves were plotted from the average 
reading of the two strain gages as the specimen was 
loaded and unloaded. A total of six determinations 
were made because four successive determinations 
were recorded on one of the three test specimens. 

The resulting modulus values are reported in 
Table X, all having been calculated from the return, 
or unloading, curve. By using this technique, any 
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Fig. 8—Black-body ys brightness temperature for sintered rhenium 
bars. 


500,000 


Table X. Moduli of Elasticity for Annealed Rhenium 


Specimen Modulus of Elasticity, Psi 
25 72.6x108 
28 65.8x108 
27, determination 1 64.9x108 
27, determination 2 66.4x108 
27, determination 3 64.6x106 
27, determination 4 67.1x106 


adjustment of the specimens in the grips would have 
occurred prior to unloading and any error could 
only have made the modulus value lower. The 
average of the six determinations, 66.7(+2.9)x10° 
psi, is somewhat lower than Késter’s estimated value 
but is also one of the highest moduli ever measured. 
It places rhenium third among all metals in this 
respect and falls between tungsten and osmium, as 
would be expected from the periodic arrangement. 

Tensile Strength and Ductility: In Agte’s’ paper on 
rhenium, the ultimate tensile strength and the duc- 
tility of an 0.25 mm diam halide process vapor-de- 
posited rhenium wire (with 0.03 mm W core) were 
reported as about 70,000 psi and 24 pct, respectively. 
Early in the current work, this type of test was 
repeated with a ¥% in. reduced section ground into 
an 0.20 in. diam crystal bar (also vapor-deposited 
by the halide process). The ultimate tensile strength, 
75,000 psi, checked very closely with Agte’s results 
but the elongation was only 3 pct. Subsequent met- 
allographic work showed that the crystal bar tested 
represented a conglomeration of large loosely co- 
herent rhenium grains hanging on a tungsten wire, 
rather than a sound structure. This also may have 
been true of Agte’s metal. More recent tensile tests 
on sound fine-grained rhenium prepared by powder 
metallurgy procedures, give far higher strengths 
and ductility. 

Room Temperature Tensile Tests: Three tensile 
tests have been conducted on pure annealed rhe- 
nium. All were on round swaged rod of approxi- 
mately 50 mil diam and all were fabricated from 
sintered bar. Into each was ground a standard 
in. diam round tensile specimen. Special grips were 
built to hold the ends of the 150 mil rods. Two SR- 
4 type A-7 strain gages were applied and the elas- 
ticity modulus measured as reported previously. One 
A-7 strain gage was then removed, and a specially 
constructed extensometer for use with specimens of 
this size was attached to the specimen. Strain then 
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Fig. 10—Average true stress-strain diagram for rhenium and other 
metals. 


was recorded by the remaining A-7 strain gage and 
the extensometer. 

Load vs elongation curves within the range of the 
strain gages were plotted for each tensile test, and 
from these were obtained the proportional limits 
and 0.1 and 0.2 pct offset yield strengths recorded 
in Table XI. In addition, Table XI contains the 
measured values of ultmate tensile strength, elonga- 
tion, and reduction of area. 

Annealed rhenium rod possesses an average ulti- 
mate tensile strength of about 165,000 psi combined 
with excellent ductility. This is more than double 
the tensile strength found by Agte and the present 
authors for crystal-bar rhenium, indicating the 
mechanical unsoundness of the as-deposited metal 
used in tensile tests in both instances. The tensile 
strength of annealed rhenium is much higher than 
that of annealed molybdenum (about 70,000 psi)”* 
and annealed tungsten wire 20 to 40 mil diam (about 
110,000 psi).* The large spread between the rela- 
tively low yield strength and high ultimate strength 
reflects the high work hardening of rhenium. In 
addition, rhenium has an elongation of 25 pct at 
room temperature, roughly equivalent to the elonga- 
tion of molybdenum;* tungsten has no ductility 
under these conditions. 

The true stress, o, and true strains, 5, were calcu- 
lated for a number of points as determined by ex- 
tensometer readings; the plot of their relationship 
for each specimen is shown in Fig. 9. The true stress 
and true strain can be related by the flow equation 

where B is the strain coefficient, the true stress at 
unit strain; and n is the strain-hardening exponent. 

These constants are listed in Table XI also and 
were obtained from Fig. 9. B was read directly from 
the intercepts of the true stress-strain curves at 
§ = 1.0, while n was obtained from the limiting slope 
of the curves. 

Fig. 10 compares true stress-strain curves for 
molybdenum,” nickel,” and copper” with the aver- 
age of the three rhenium curves. Rhenium possesses 
a strain-hardening exponent similar to that of nickel 
and copper, but since the initial strength is as high 
or higher than molybdenum, the combination of the 
high strain-hardening rate and the high initial 
strength produce values for B equalling nearly 400,- 
000 psi. Probably no other metal has such a high 
combination of work-strengthening properties, ten- 
_sile strength, and ductility as is found in rhenium. 

Elevated Temperature Tensile Tests: The tensile 
properties of rhenium at elevated temperatures are 
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Fig. 11—Ultimate tensile strength of annealed and cold- 
worked 0.050 to 0.065 in. diam rhenium wire at elevated tem- 
peratures. 


of importance from the standpoint of its use as an 
electrical filament material. 

Rhenium wire, in sizes ranging from 50 to 65 mil 
diam, has been tested for tensile strength and duc- 
tility from room temperature to around 2000°C. 
Results have been obtained on annealed wire, wire 
reduced about 9 pct in cross-sectional area by draw- 
ing, and wire reduced about 15 pct in cross-sectional 
area by swaging and drawing. 

For test purposes, wire lengths of 4 to 5 in. were 
inserted between screw-tightened grips mounted on 
steel rods, the free ends of which were grasped in an 
Amsler universal testing machine. Because of the 
tendency of rhenium to oxidize, the wire and grips 
were enclosed in a pyrex tube and one end fitted 
with a freely moving gasket so as not to affect load 
readings when the wire was stressed. Dry helium 
was passed through the tube and the rhenium heated 
by self-resistance. Temperature was read by an 
optical pyrometer, sighted through a hole in an as- 
bestos shield surrounding the pyrex tube. 


Table XI. Tensile and Eiongation Data for Pure Annealed Rhenium* 


Aver- 
age Value 
for Speci- 

Speci- Speci- Speci- mens 25, 
men 25 men 27 men 28 2%, and 28 
Proportional limit, psi 35,100 26,800 18,100 26,300 
0.1 pet offset yield 
strength, psi 50,600 44,000 31,500 42,000 
0.2 pet offset yield 
strength, psi 55,200 49,500 35,000 46,000 
Ultimate tensile 
strength, psi 168,000 164,000 161,000 164,000 
Elongation in ¥% in., pet 24.6 22.0 25.+7 24 
Reduction of area, pct 24.1 20.1 21.1 21.7 
True stress at unit strain, 
B, psi 360,000 370,000 370,000 367,000 
Strain-hardening 
exponent, n 0.328 0.360 0.372 0.353 


* Standard ASTM % in. diam reduced section, % in. gage length. 
+ Broke outside punch marks. 
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Table XII. High Temperature Strength and Ductility of Annealed and Cold Worked 0.05 to 0.065 In. Diam 
Rhenium Wire 
Annealed Reduced 9 Pct in Area Reduced 15 Pct in Area 
Ultimate Ultimate Ultimate 
Black- Tensile Elonga- Tensile Elonga- Tensile Elonga- 
Body Strength, tion in Reduc- Strength, tion in Reduc- Strength, tion in Reduc- 
Tempera- Psi 3.65 In., tion of Psi 3.15 In., tion of Psi 3.15 In., tion of 
ture, °C x 108 Pet Area, Pct x 108 Pet Area, Pet x 108 Pct Area, Pct 
Room tem- 
perature 170 10 16 216 & 6 BeYs —_* 2 
500 114 9 19 152 7 9 174 1 1 
1000 85 1 to2 2to3 98 2401.3 a 124 1 3 
1500 38 1 to 2 2 37 2 1 40 1 10 
2000 — — : 22 2to3 1 15 1 4 
2300 1to2 2 — = 


* Specimen slipped in grips; value not available. 


The results are recorded in Table XII and shown 
graphically in Fig. 11. The tensile strength drops 
off rapidly with increased temperature, as it does 
for all metals. Increasing amounts of cold work 
increase both the. room and elevated temperature 
strengths below 1500°C. Above 1500°C, recrystal- 
lization proceeds sufficiently to reduce the wrought 
strength to approximately that of annealed rhenium. 
Rhenium’s high temperature ductility, however, is 
not as high as expected. While more ductile at room 
temperature than other refractory metals, rhenium 
is less ductile at elevated temperatures. For an- 
nealed and 9 pct reduced rhenium, the elongation 
falls to a constant value of 1 to 2 pet between 500° 
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Fig. 12—-Elevated temperature tensile properties of wrought 
rhenium (15 pct reduced), molybdenum,“ and tungsten.” 
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and 1000°C; for 15 pct reduced rhenium, the low 
elongations are found below 500°C. 

An appraisal of rhenium’s high temperature be- 
havior compared to other refractory metals, tung- 
sten and molybdenum, is given in Fig. 12. It must 
be borne in mind that the rhenium data is from 
metal reduced only 15 pct in cross-sectional area, 
whereas the comparative data for the other metals 
is from fully wrought stock. Reduction of 15 pct in 
rhenium is not sufficient to give a fully wrought 
structure but, even so, makes the rhenium slightly 
stronger than wrought tungsten below 1200°C. Ac- 
cordingly, if data from fully wrought rhenium were 
available, its tensile strength would probably be 
considerably greater than shown. Another interest- 
ing point is the very high tensile strength of 15 pct 
reduced rhenium at room temperature, about 335,- 
000 psi. These data were secured from 64 mil diam 
wire. Fine rhenium wire, or the fully wrought rhe- 
nium, may have even higher strength than the 600,- 
000 to 700,000 psi strength values found for 0.5 mil 
drawn tungsten.’ 

Work Hardening and Recrystallization: The litera- 
ture yields no information as to the work hardening 
or recrystallizing behavior of rhenium, except for 
Winkler’s” statement that annealed rhenium work 
hardens from 247 to 637 VHN when cold worked; 
this shows that rhenium work hardened rather ex- 
tensively, results that have been verified by the 
current work. 

A specimen of pure swaged rhenium rod was an- 
nealed to a surface hardness of 270 VHN, the struc- 
ture of which is shown in Fig. 14c. Note the ex- 
tremely fine grain size. After annealing, the rod was 
reduced 10 pct in cross-sectional area by swaging, 
and a group of small specimens removed for recrys- . 
tallization studies. Extensive transverse and longi- 
tudinal hardness measurements were taken. Next, 
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a—Hot wire-deposited rhenium, near center b—Rhenium arc melted from cut crysta! bar, c—Annealed rhenium from compacted, sin- 
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Fig. 14—Hardness and grain structures of hot wire-deposited, arc-melted, and powder metallurgy types of rhenium. All in the annealed con- 


dition. X100. Area reduced approximately 55 pct for reproduction. 


the bar was reduced an additional 10 to 20 pct total 
reduction in cross-sectional area, hardness readings 
taken, and specimens removed. This cycle was re- 
peated until 40 pct reduction was recorded, at which 
point some cracking of the swaged bar from the 
repeated cold working was apparent. The metal- 
lographic structure was almost completely wrough 
at 40 pct reduction. 

Fig. 13 shows the work-hardening curve secured 
from the hardness data compared to corresponding 
data for nickel” a metal which work hardens appre- 
ciably. Rhenium work hardens to over 800 VHN with 
30 pet reduction in cross-sectional area by swaging. 
No other pure metal is known to work harden as 
much. These results emphasize the need for proper 
control of preworking hardnesses during fabrication. 

In addition to the foregoing results on powder 
metallurgy-type rhenium, a few hardness determina- 
tions were completed on arc-cast and hot wire- 
deposited rhenium. Fig. 14 shows the typical un- 
worked structures obtained when rhenium is con- 
solidated by these two methods, compared with a 
structure of annealed rhenium prepared by powder 
metallurgy methods. The annealed hardnesses ob- 
tained from all three of these methods are included 
in the figure. 

The largest grained metal, that prepared by arc 
melting, has the lowest hardness. The crystal bar 
(hot wire-deposited metal) also has a low hardness 
and it should be noted that its structure is primarily 
composed of large grains, also. The large grain size 
present in crystal bar and arc-melted metal causes 
these types of metal to be much more difficult to 
work than powder metallurgy rhenium. 

After establishment of the work-hardening char- 
acteristics of rhenium, the recrystallization behavior 
was determined. Specimens from each group of 10, 
20, 30, and 40 pct reduced metal were annealed for 
1 hr at temperatures ranging from 700° to 1700°C, 
generally at 100°C temperature intervals. Hard- 
nesses were measured after each annealing treat- 
ment. The hardness values vs annealing tempera- 
ture curves are plotted in Fig. 15, which also in- 
cludes a series of grain size curves discussed sub- 
sequently. 

As shown by the data, little, if any, softening oc- 
curred below the 800°C annealing temperature. 
Subsequently higher annealing temperatures in- 
volved a rapid drop in hardness for the 20, 30, and 
40 pet reduced metal. Around 1300°C, metallo- 
graphic examination showed a nearly completely re- 
crystallized structure of the type illustrated in Fig. 
14c. The hardness had dropped to about 350 VHN at 
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Fig. 15—The effect of 1 hr annealing treatments on the hardness 
and grain size of cold-worked rhenium. 


this point. Higher annealing temperatures caused a 
further, but less abrupt, drop in hardness. 

The 10 pct reduced metal, containing less cold 
work and thus less available energy to trigger re- 
crystallization, softened and recrystallized more 
slowly, not being recrystallized completely until 
about 1500°C. 

Thus, it may be concluded that for pure rhenium 
reduced 10 pct in cross-sectional area by cold work, 
the recrystallization temperature is 1500°C. For 
rhenium possessing greater amounts of cold reduc- 
tion, up to 40 pct in cross-sectional area, 1300°C is 
the recrystallization temperature. It must be noted, 
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however, that for the purpose of cold fabrication of 
rhenium, 1 hr anneals at, or slightly above, these re- 
crystallization temperatures are insufficient. The 
hardness must, in general, be depressed below 300 
VHN and 2 hr at 1700° to 1750°C are usually neces- 
sary to accomplish this; the additional time and 
temperature will bring the recrystallized grain size 
back up to the value it possessed before cold working. 

Grain Size and Grain Growth: Following the re- 
crystallization study reported above, grain counts 
were made on material annealed in the temperature 
range 1100° to 1700°C for all degrees of reduction. 
The Jeffries method of grain size estimation was 
used. The results are represented by the series of 
grain growth curves in Fig. 15. Despite some scat- 
ter of the plotted points, the graph clearly shows 
that increasing amounts of cold work produce suc- 
cessively finer grain sizes upon recrystallization, as 
would be expected. In addition, reductions up to 
20 pct cause the highest rate of work hardening and 
the greatest rate of grain size decrease. Further re- 
duction increases these effects but at a lower rate. 

Grain growth generally commences in the tem- 
perature range 1300° to 1400°C, at which tempera- 
tures the hardness curves show that recrystallization 
is about complete; this allows grain growth to start. 
As expected, the 10 pct reduced metal lags in both 
softening and the initiation of grain growth; grain 
growth in it commences in the temperature range 
1400° to 1500°C at the completion of recrystalliza- 
tion. Under all circumstances, the grain size re- 
mained very small, varying from about 0.004 to 
0.010 mm average grain diameter. This is much 
finer than the relatively large grain size exhibited 
by crystal bar and arc-melted rhenium, as exempli- 
fied by Fig. 14. 


Oxidation Resistance 

Rhenium would be expected to possess a volatile 
oxide commensurate with its position in the periodic 
table adjacent to neighboring osmium, which has 
this characteristic. Agte and coworkers’ verified this 
and stated that rhenium oxidized at the same rate 
as tungsten at 1000°C; above 1600°C, it oxidized 
one third as fast as tungsten. 

No oxidation tests have been run with powder 
metallurgy-type rhenium in the current work but 
cut sections of arc-melted buttons have been ex- 
posed to air over a wide range of temperature. De- 
spite the possibility of some variance in results be- 
cause of the coarse grain size of arc-melted rhe- 
nium, it is probable that the following test results 
are broadly correct for any type of rhenium, whether 
it be sintered, arc-melted, hot wire-deposited, or 
electroplated: 

Quarter buttons of arc-cast rhenium, each weigh- 
ing about 3 g, were exposed to slowly moving air in 


Table XIII. Oxidation of Rhenium in Air* 


Ex- 
posure Ex- Speci- Speci- Rate 
Tem- posure men men Weight of Attack, 
pera- Time, Weight, Area Change, G per Sq 
ture, °C Hr G Sq Cm G Cm per Hr 
300 1 2.3988 + 0.0007 —0.0005 
600 1 2.3833 1.47 —0.0172 0.0117 
900 1 2.1973 1.29 -1.5015 LT, 
1200 0.5 3.5961 1.78 —2.2724 2.56 
1500 0.25 3.0609 1.74 — 2.2684 5.24 


* Note: Specimens prepared by quartering arc-melted buttons 
weighing about 15 g. 
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a muffle furnace at 300°, 600°, 900°, 1200°, and 
1500°C. The results are recorded in Table XIII. As 
can be seen, a catastrophic oxidation rate com- 
menced above 600°C, at which time white fumes 
were given off; this is also the case with molybde- 
num. This white or yellowish oxide is Re,O,, rhe- 
nium heptoxide, which melts at 297°C and boils at 
363°C; it is the highest oxide of rhenium. 

Metallographic examination showed that the at- 
tack on the specimens exposed to the higher tem- 
peratures was of a general nature, the grain oxidiz- 
ing at about the same rate as the grain boundaries. 
That the oxide travels rapidly into the grain bound- 
aries when rhenium is heated in air, however, is 
well verified by the exfoliation occurring when rhe- 
nium is hot forged in air, as in Fig. 2. 

Rhenium in general, except for electroplated met- 
al, does not tarnish readily in air at room tempera- 
ture. All forms of rhenium, prepared by many dif- 
ferent methods, have been stored in the open in this 
laboratory for about two years and no surface oxi- 
dation of any sort has been observed. Electroplated 
metal, however, must be fired in hydrogen to pre- 
vent tarnishing, 


Summary and Conclusions 


1—Sintered massive rhenium bars can be pre- 
pared by pressing minus 325 mesh rhenium powder 
at 30 tsi,? presintering in vacuum at 1200°C, and 
sintering in hydrogen at 2700°C. 

2—Sintered rhenium bars can be fabricated to 
rod, wire, sheet, and foil by a series of cold-working 
and annealing operations. 

3—-Rhenium metal appears to be hot short; this 
inhibits hot working. 

4—The lattice constants of rhenium are: a, = 2.760 
+0.001A, c, = 4.458+0.001A, and c/a = 1.615. 

5—The melting point of rhenium is 3180+20°C. 

6—The theoretical density of rhenium is 21.04+ 
0.01 g per cc, which compares to a measured value 
of 21:02+0.01 g per ce. 

7—The electrical resistivity of annealed rhenium 
is 19.14+0.02 microhm-cm at 20°C; this increases 
with increasing amounts of cold work. 

8—The mean thermal expansion coefficient for 
rhenium over the temperature range 20° to 1000°C 
is 6.8x10° per °C. 

9—The spectral emissivity of rhenium has been 
established as a straight-line function with tem- 
perature, decreasing from 0.42 at 1400°C to 0.36 at 
2800°C. 

10—The tension modulus of elasticity for rhenium 
is 66.7(+2.9)x10° psi. 

11—Annealed rhenium at room temperature has 
an ultimate tensile strength of about 164,000 psi, a 
0.1 offset yield strength of 42,000 psi, and a 0.2 offset 
yield strength of 46,000 psi. Under these conditions, 
it is ductile and has about 24 pct elongation with 
20 pct reduction in area. 

12—Rhenium work hardens more than any other 
known metal. 

13—Rhenium recrystallizes and grain growth 
commences in the temperature range 1300° to 
1500°C. The annealed grain size of sintered and 
worked rhenium is very fine, averaging about 0.004 
mm. 

14—Rhenium oxidizes when heated in air, very 
rapid oxidation occurring when rhenium is heated 
in air at temperatures above 600°C, but does not 
tarnish at room temperature. 
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Effects of Tensile Stress on the Austenite to Ferrite 
Transformation in Eutectoid Steel 


by L. S. Birks and E. F. Bailey 


The effect of stress on the austenite to ferrite transformation in carbon steel was 
studied by X-ray diffraction techniques. Tensile stress was found to cause reorienta- 
tion of austenite above the transformation temperature, to accelerate equilibrium 
conditions at the transformation temperature, and to cause precipitation of large 


carbides at a critical value of stress. 


[ the past, a number of papers’ have discussed the 
effect of stress on the austenite to martensite 
transformation at relatively low temperatures. In 
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general, it has been shown that tensile stress induces 
some transformation at a given temperature, while 
compressive stress retards the transformation. Very 
little work has been reported on the effect of stress 
on the transformation from austenite to ferrite plus 
carbide near the A, point in steel. One of the few 
papers in the literature’ reports an increase in A, of 
about 1°C in pearlitic steel] upon the application of 
tensile stress. 

In this paper, the effect of tensile stress on eutec- 
toid steel at, and above, the A, point was studied in 
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an especially designed X-ray diffraction spectro- 
meter. The X-ray results were substantiated and 
extended by high temperature tensile tests, micro- 
structure, and dilatometer measurements. 


Experimental Procedure 


The material used was AISI 1090 steel in both 
flat strips and round bars. It was austenitized at 
1650°F (900°C) and air cooled prior to testing. 

X-Ray Diffraction Tests: The specimens were flat 
strips 0.012 in. thick, 3¥% in. long, and 9/16 in. wide, 
notched at the center as shown in Fig. 1. They were 
mounted vertically in a specially constructed vacuum 
furnace and heated by electrical conduction. Because 
of the thermal conduction of the copper electrodes 


near the ends of the specimen and, even more im- 


portant,. the reduced cross-section at the curved 
notch, the temperature is not constant along the 
specimen. It reaches a peak value at the center of 
the notch and drops off toward the ends. The size of 
the X-ray beam was limited, however, so that dif- 
fraction was observed for only a small region of the 
notch and the specimen could be adjusted in mount- 


Fig. 1—X-ray specimen 
after loading to 12,200 
psi. The light bands are 
the regions of severe plas- 
tic deformation which oc- 
cur just above the A, 
temperature. Scale is in 
inches. 
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ing so that any desired portion of the notch could be 
observed. Temperature was measured by a Pt—Pt- 
10 pet Rh thermocouple spot welded to the face of 
the specimen away from the X-ray beam. Unless 
otherwise specified, the temperatures listed refer to 
the temperature at the center of the notch. The 
specimen mounting allowed for tensile loading 
through a lever arrangement from outside the 
vacuum without interrupting the X-ray measure- 
ments. The whole vacuum furnace and loading 
mechanism was mounted on a focusing Geiger- 
counter X-ray spectrometer so that the diffraction 
pattern could be recorded continuously during the 
test. The X-ray beam is constrained to the hori- 
zontal plane. The peak intensities of the X-ray dif- 
fraction lines from the austenite, y phase (111) 
and/or (200) planes, and from the ferrite, a phase 
(110), were used as measures of the amounts of the 
two phases present. Specimens were heated to 
1650°F (900°C) for 15 min, then cooled to the test- 
ing temperature, and either held there or cooled 
gradually through the transformation region under 
constant load. 

Tensile Tests: Standard tensile bars of 0.505 in. 
diam were heated by a concentric electric heater 
while mounted on a conventional testing machine. 
Fiducial circles 0.100 in. apart were inscribed along 
the gage length. Specimens were held at 1650°F 
(900°C) for 30 min, then cooled to the testing tem- 
perature. Bars were pulled to fracture at tempera- 
tures of 1300° (704°C), 1320° (716°C), and 1340°F 
(727°C) (these temperatures were based on the 
X-ray and dilatometer results), and immediately 
quenched by an air blast. 

Microstructural Examination: After testing, the 
tensile bars and X-ray specimens were mechanic- 
ally polished and etched in 1 pct nital or alkaline 
sodium picrate. Quantitative determinations of car- 
bides in the strained regions were made by lineal 
analysis. Both light and electron micrographs were 
prepared to illustrate the reaction under stress. 

Dilatometry: Dilatometer measurements were 
made in a clear fused-quartz dilatometer at various 
cooling rates from 60° to 1°F per min. 


Results 


There were several effects of stress observed de- 
pending on the temperature during stress and 
whether or not the temperature was held constant or 
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Fig. 2—Calculated percentage of ferrite ys temperature, show- 
ing the effect of stress on the austenite to ferrite transforma- 
tion for a cooling rate of about 50°F per min. A slower 
cooling at about 4°F per min causes the curve for no load to 
coincide with the 10,700 psi curve. 
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a—Center of speci- 
men where tempera- 
ture was well above 


b—Region of plastic 
deformation where 
temperature was 
within about 5°F of 
A,. 


Fig. 3—Micrographs of X-ray specimen stressed at 12,200 psi. 


varied during stress. In each case, the effects were 
repeated on several specimens, some 30 in all being 
tested. 

Reorientation of Austenite Well Above the A, 
(1325°F) Temperature: In the X-ray apparatus a 
specimen was held at 1365°F (740°C) after austenit- 
izing at 1650°F (900°C). Before loading, the y 
phase (111) diffraction line had a peak intensity 
(on an arbitrary scale) of 80, while the (200) line 
had a peak intensity of 53. When a tensile load of 
7000 psi was applied, the peak intensity of the (111) 
line decreased from 80 to 42 and the peak intensity 
of the (200) line increased from 53 to 76. When the 
specimen was recycled through the heating and 
loading operations, the same results were observed 
each time. The experimental conditions did not 
allow a determination of whether the austenite lat- 
tice was rotating during slip or whether there was 
rapid recrystallization with a preferred orientation 
resulting. This change in the relative intensity of the 
X-ray diffraction lines is similar to the change cor- 
responding to the development of “cube texture” 
in metals such as copper on annealing after severe 
reduction by rolling. 

Acceleration of Equilibrium Conditions at Ar*: An 


* Ar is the temperature at which transformation commences dur- 
ing cooling. 


X-ray specimen was cooled at about 50°F per min 
from 1340° (730°C) to 1240°F (670°C) with the 
Geiger-counter spectrometer set at a position to re- 
cord the changing peak intensity of the ferrite, a 
phase (110) diffraction line as the temperature was 
lowered. At 1240°F, the a phase (110) line had 
reached its maximum intensity corresponding to 
100 pct ferrite. The curve of percentage of ferrite vs 
temperature during cooling is plotted in Fig. 2 in 
which the percentage of ferrite was obtained by 
scaling the measured peak intensity at each temper- 
ature to the peak intensity at 1240°F as 100 pct fer- 
rite. From Fig. 2, the Ar temperature appears to be 
approximately 1305°F (708°C) which temperature 
was substantiated by dilatometer measurements. The 
experiment was repeated with the same cooling rate 
but with the specimen loaded to 10,700 psi and the 
results plotted in Fig. 2. Loading the specimen to 
10,700 psi raised Ar by about 18° (10°C) for the 
50°F per min cooling. As the cooling rate was re- 
duced, Ar approached A, and the curve for an un- 
stressed specimen cooled at only 4°F per min (not 


shown in Fig. 2) very nearly coincides with the 


‘curve for 10,700 psi load. 
Other Effects at Ar: The stress necessary to cause 
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Fig. 4—Electron micrograph of region b in Fig. 3. 


plastic deformation (yielding) has a minimum value 
just above A, temperature, and stress appears to 
raise A, slightly. The experiment described herein 
was based on the observation of bands of severe 
plastic yielding such as are shown in Fig. 1 when 
specimens were loaded with more than 12,000 psi at 
temperatures well above A,. The higher the temper- 
ature at the center of the notch, the further from the 
center the bands appeared. As described in the ex- 
perimental procedure, the X-ray beam can be set to 
yield information about any desired portion of the 
notched region. For this experiment, the thermo- 
couple was mounted near the end of the notch rather 
than at the center and the X-ray beam diffracted 
from the same region. With the end of the notch 
adjusted to just above the A, temperature, the cen- 
ter of the notch obviously will be well above A, 
(optical pyrometer measurements indicated it was 
about 25°F above A,) while outside the notch the 
temperature will be below A,. For a specimen held 
in this condition, the X-ray pattern before loading 
showed both y phase and a phase diffraction lines. 
Upon loading to 12,000 psi or over, there was sudden 
yielding, not at the center of the specimen but at the 
two bands which are visible in Fig. 1. The X-ray 
record during this time showed an increase in the 
intensity of the a phase (110) line and decrease in 
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Fig. 5—Stress in tensile bar at time of fracture. If L, is the 
load at fracture in psi and A, is the cross-sectional area of 
the specimen at the distance i in. from fracture, then the cal- 
culated stress L; at A; is L;/A,. This is the ordinant on the 
graph. The coarse structure is spheroidized carbides as in 
Fig. 3b or very coarse pearlite. 


the y phase (111) line, indicating that some trans- 
formation from austenite to ferrite had occurred 
simultaneously with yielding. The amount of in- 
crease in a phase was judged from curves, such as 
those in Fig. 2, to correspond to an increase in A, 
temperature of about 5°F. The micrograph shown in 
Fig. 3a is typical of the region at the center of the 
notch where the temperature was about 25°F above 
A, (the micrograph was taken after cooling, of 
course), and Fig. 3b is at the region of severe plastic 
deformation. The extreme coarseness of the pearlite 
and spheriodal carbides in the stress affected region 
should be noted. Ordinarily, to obtain such coarse 
carbide structure would require a very slow cooling 
rate (approximately 1°F per min) or a spheroidizing 
treatment. Fig. 4 is an electron micrograph of the 
stress affected region and shows that there are no 
small carbides present. Lineal analysis indicates 13 
pet carbide which is the equilibrium composition. 

Tensile tests corroberated the minimum stress 
necessary for yielding at A,. Bars pulled at 1340° 
(730°C) and 1300°F (705°C) showed a small uni- 
form reduction in area along the bar. A bar pulled at 
1320°F (715°C) showed the same severe necking and 
very coarse carbides as the corresponding region of 
the X-ray specimen. Fig. 5 depicts the stress at each 
point along the longitudinal axis of the tensile bar 
at time of fracture for the 1320°F test. When the 
fractured bar was examined metallographically, it 
was found that the same coarse microstructure of 
Fig. 3b extended outward from the fracture to a 
point corresponding to about 13,000 psi. Thus, 13,000 
psi seemed to be the minimum stress required for 
the development of the same plastic yielding and 
coarse carbides which were observed in the X-ray 
specimen at about 12,000 psi. The figures of 13,000 
psi for the tensile tests and 12,000 psi for the X-ray 
tests are felt to be in reasonably good agreement. 

Controlled compressive stress could not be applied 
at elevated temperatures with the equipment avail- 
able. However, forging and rolling at temperatures 
from 1280, (620°C) ‘to “165025 20; 
steps did not cause a similar coarsening of the mi- 
crostructure. 


Discussion and Conclusions 

The results given above appear to be related parts 
of the same phenomenon. The effects which occur 
depend on the particular temperature and stress 
values as would be expected. The strain rate un- 
doubtedly enters also, but no equipment was avail- 
able for controlling the rate; the tensile loading 
employed was essentially static loading for both the 
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X-ray specimens and the standard tensile bars. In 
each instance, it is presumed that slip takes place 
in the y phase along the (111) planes. When the 
temperature is well above A,, this slip leads to re- 
orientation of the lattice which is not surprising, 
since it is well known that working will often cause 
recrystallization and preferred orientation in metals. 
The high temperature X-ray method offers a very 
convenient way of observing such effects, inasmuch 
as the reorientation can be examined continuously 
during the experiment rather than after the effects 
have taken place. 

The acceleration of equilibrium conditions by 
stress during cooling can be explained by the stress 
supplying necessary energy for nucleation and 
growth of the ferrite phase. As was described pre- 
viously, small stress does not raise Ar above A, but 
merely hastens the occurrence of the transformation 
at a temperature where it normally occurs if cooled 
at a sufficiently slow rate. 

When a critical load is applied just above A, sud- 
den plastic deformation takes place, A, is raised by 
approximately 5°F, and large carbides are precipi- 
tated. Two possible mechanisms for such reactions 
are suggested. The sudden yielding may lead to a 
large number of dislocations in the y phase. From 
work reported by Buffington and Cohen,’ it is known 
that the self-diffusion rate of iron increases rapidly 
with increasing strain rate; thus the diffusion rate 
of carbon might be expected to increase also. The 
rapid diffusion of carbon to dislocations would de- 
plete the remaining austenite of carbon and lead 
to instability of the y phase with ensuing transfor- 
mation to the a phase. 

The other mechanism is based on a reaction sim- 
ilar to the known shear transformation from austen- 
ite to martensite in suitable alloys. After slip of the 
y phase along (111) planes, some of the atoms are 
approximately in the proper positions for the a 
phase. Such an atomic arrangement would not favor 
the carbon atoms remaining in the interstices. This, 
coupled with the rapid diffusion rate of carbon 
during yielding, could very well lead to the precipi- 
tation of large carbides and stabilization of the 
atoms in the a-phase positions. The increase of A, 
by only 5°F and the critical value of stress fit in 
with this explanation better than with the previous 
one. For instance, when the temperature is too far 
above A,, the carbon will not tend to precipitate and 
the lattice will revert to the y phase. Also, the stress 
required to cause the proper slip of the y-phase lat- 
tice to make the atomic arrangement similar to that 
of the a phase would be expected to have a critical 
value. However, the authors are not attempting at 
this time to choose one or the other of these ex- 
planations but merely to present them as possi- 
bilities. 
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Some Characteristics of the Isothermal 
Martensitic Transformation 


by C. H. Shih, B. L. Averbach, and Morris Cohen 


The isothermal formation of martensite is studied in Fe-Ni-Mn and Fe-Mn-C 


alloys under conditions where the athermal transformation is completely avoided 
there being no martensite present at the beginning of the isothermal reaction. The 


initial rate of martensite formation is extremely low under these conditions, but it 
increases greatly as soon as some martensite is formed. It appears that true initial 
characteristics of the isothermal reaction can be studied only in samples wherein 
the formation of martensite on cooling is completely eliminated. 


HE phenomenon of isothermal martensite forma- 

tion is well established’*® but the observations 
have been made in the presence of varying quan- 
tities of athermal martensite. Complete avoidance 
of athermal martensite and the formation of mar- 
tensite under pure isothermal conditions have been 
reported by Kurdjumov and Maksimova’ in an Fe- 
Ni-Mn alloy (23 pet Ni, 3.4 pct Mn, and the balance 
Fe) and have been confirmed by recent experiments 
of Cech and Hollomon’ in a similar alloy. In each 
case, the isothermal transformation rate was a max- 
imum at the beginning of the transformation and 
decreased as the reaction proceeded. These initial 
transformation rates were used by Fisher’ for the 
confirmation of calculated nucleation rates based on 
classical nucleation theory extended to include the 
effect of elastic strain energy. Cech and Hollomon 
have admitted, however, that up to 3 pct martensite 
formed on cooling in their samples and thus was 
present at the initiation of their isothermal runs. 

In this paper, experiments on similar alloys are 
described, except that care was taken to remove the 
incidental martensite developed at the surface prior 
to the isothermal reaction. It is shown here that the 
reaction rate at the beginning of the strictly iso- 
thermal reaction is very low. As soon as some de- 
tectable amount of martensite is produced, the trans- 
formation rate increases rapidly but ultimately de- 
creases as the reaction proceeds. When martensite is 
allowed to form isothermally in the presence of about 
2 pct of prior martensite, the apparent initial reaction 
rate is a maximum and corresponds to the observa- 
tions of Kurdjumov and Maksimova and Cech and 
Hollomon. It is evident that the cooperative nature 
of the martensitic reaction results in a significant 


C. H. SHIH, B. L. AVERBACH, Member AIME, and M. COHEN, 
Member AIME, are associated with Dept. of Metallurgy, Massachu- 
setts Institute of Technology, Cambridge, Mass. 

Discussion on this paper, TP 3848E, may be sent, 2 copies, to 
AIME by Mar. 1, 1955. Manuscript, Apr. 12, 1954. Chicago Meet- 
ing, November 1954. 


TRANSACTIONS AIME 


Table 1. Chemical Composition of Alloys, Pct 


Alloy Mn Ni Cc Si N 10) 
A 3.62 23.2 0.016 0.04 0.001 0.015 
B 4.33 22 — — == = 
Cc 5.2 1.10 — 


stimulating or autocatalytic effect on the isothermal 
reaction rate. 


Experimental Procedure 

The chemical compositions of the alloys used in 
this investigation are listed in Table I. The Fe-Ni-Mn 
alloys A and B were melted in an induction furnace, 
cast into ingots 2 in. diam by 4 in. long, and forged 
into % in. diam rods. The manganese steel (alloy C) 
was melted in an arc furnace and cast into ceramic 
molds % in. diam by 5 in. long. The rods were sealed 
in evacuated Vycor tubes and homogenized at 1175° 
to 1200°C for 50 hr. The long homogenization re- 
sulted in some manganese loss from the surface, pro- 
ducing a thin layer of transformed material. This 
surface layer was removed by grinding and the 
specimens were then swaged to 0.050 in. diam wire. 

Measurements of electrical resistance were made 
with a Kelvin double bridge to follow the course of 
the martensitic transformation. A small permanent 
magnet was-also useful in scanning an entire speci- 
men for small localized quantities of martensite. 
This test is almost as sensitive as the electrical re- 
sistance method in detecting the presence of mar- 
tensite (which is ferromagnetic in these alloys) and 
it was especially useful in deciding whether a speci- 
men was completely free of martensite. The wire 
specimens (0.050 in. diam by 2.5 in. long) were 
sealed in evacuated tubes and austenitized for 5 min 
at 1150°C. The specimens were quenched into water 
and, unless otherwise stated, stress-relieved for 1 hr 
at 650°C in order to induce greater uniformity in 
the subsequent martensitic transformation. As dem- 
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onstrated later, quenching stresses were found to 
result in nonuniform transformation across the sec- 
tion of the specimens. Electrical resistance measure- 
ments were conducted as a function of time at —196° 
to —90°C and the resistance changes were calibrated 
in terms of martensite formation by means of metal- 
lographic lineal analyses of the transformed samples. 
It is estimated that the sensitivity of the resistance 
method was about 0.2 pct martensite. 

There was sufficient manganese loss during the 
austenitizing treatment, even though it was carried 
out in sealed-off tubes, to cause the initiation of 
some martensite near the surface on cooling below 
room temperature. If the wire specimens were elec- 
trolytically polished (removing 0.002 to 0.003 in.) 
prior to the subzero cooling treatment, it was pos- 
sible to quench into liquid nitrogen (—196°C) and 
to return quickly to room temperature without any 
formation of martensite.* This was checked by 


* Thus the Ms; temperatures for the athermal martensitic trans- 
formation in these alloys were below —196°C. 


electrical resistance measurements, metallographic 
examination, and qualitative tests with a permanent 
magnet over the entire length of the specimen, both 
at —196°C and at room temperatures, in order to 
ascertain that no martensite had formed in localized 
areas. Most of the work is reported in detail for the 
Fe-Ni-Mn alloy A. Supplementary runs were made 
on alloys B and C. 


Experimental Results 

Fig. 1 shows the progress of the martensitic trans- 
formation in alloy A reacted isothermally at a series 
of temperatures. Each specimen was quenched into 
liquid nitrogen for about 30 sec to insure tempera- 
ture equalization, quenched upward to the indicated 
temperature, and observed for a period of time. A 
few specimens also were cooled directly to the re- 
action temperature but these behaved quite similarly 
to those first quenched into liquid nitrogen, provided 
that the direct quenching was sufficiently rapid to 
avoid any transformation during cooling. Thus it 
was possible to follow the progress of the isothermal 
transformation without the complication of prior 
martensite introduced on cooling. 

No martensite was detected by the electrical re- 
sistance method at —196°C for holding times up to 
about 30 min, and then the transformation proceeded 
very slowly at this temperature. At —152°C the re- 
action was considerably faster, but even here (Fig. 
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Fig. 1—Isothermal transformation curves at indicated temperatures 
for samples containing no initial martensite. (Insert figure shows the 
incubation period and the early transformation.) 
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Fig. 2—Transformation-temperature-time curves showing progress of 
isothermal martensite formation in samples containing no initial 
martensite. 


1, insert) the initial reaction rate was small. The re- 
action rate was a maximum, and the incubation a 
minimum at —140°C; at higher temperatures, the 
reaction rate decreased. In each case, however, there 
was an apparent induction period in which no mar- 
tensite was detected. Induction periods in the iso- 
thermal transformation were also reported by Kulin 
and Speich* for an Fe-Cr-Ni alloy, but they felt that 
their experimental observations were uncertain in 
this respect. 

The time required to detect the first trace of mar- 
tensite (0.2 pct transformation in the present work) 
is shown in Fig. 2. The horizontal line at each tem- 
perature level indicates the range of values obtained 
for the incubation period in 3 to 5 different speci- 
mens. The time to reach temperature, about 10 sec, 
was subtracted in each instance. The variation of 
the incubation period from piece to piece is prob- 
ably caused by small differences in chemical com- 
position, inasmuch as the transformation is critically 
dependent on the alloy content. The general C-shape 
of the transformation-temperature-time curves in 
Fig. 2 is similar in form to findings of Cech and 
Hollomon.° 

The effect of martensite formed prior to the iso- 
thermal transformation is indicated by the follow- 
ing experiment: Specimens were quenched into 
liquid nitrogen and held long enough to develop 1.5 
to 2.0 pct martensite. Each specimen was then up- 
quenched to higher temperatures and the isothermal 
martensitic transformation observed. Fig. 3 demon- 
strates that the induction periods previously ob- 
served have disappeared and that the initial rates of 
martensite formation have become much more rapid 
than at the equivalent temperatures in Fig. 1. These 
data check reasonably well with those presented by 
Kurdjumov and Maksimova and Cech and Hollomon. 
It should be noted that the final amounts of trans- 
formation product are about the same for each of 
the corresponding temperatures in Figs. 1 and 3; 
the initial rates of transformation are, however, 
quite different. 

It was recognized that the stress-relieving heat 
treatment at 650°C might introduce a stabilization 
phenomenon which could affect the transformation. 
In order to investigate this point, two specimens 
were austenitized at 1150°C and quenched. One 
(specimen 1) was stress relieved at 650°C, electro- 
polished, and then reacted at —196°C. The other 
(specimen 2) had an identical treatment except that 
the stress relieving was omitted. The transforma- 
tion curves are shown in Fig. 4. The stress-relieved 
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and the nonstress-relieved samples have induction 
periods of 28 and 18 min, respectively, and the latter 
react somewhat more rapidly than the others on 
subsequent holding. This difference is due primarily 
to the tensile stresses in the central region of the 
as-quenched specimen. It is known that tensile 
stresses tend to promote the martensitic transforma- 
tion,” and this phenomenon is operative in the pres- 
ent alloys to a marked degree, unless stress relieving 
is introduced. Fig. 5 shows the entire cross-section 
of a specimen isothermally transformed without 
stress relief; the preponderance of martensite in the 
center is evident. Stress-relieved specimens display 
a more uniform reaction over the cross-section and 
the measured rates are more self-consistent. It is 
considered, therefore, that the transformation curves 
in Fig. 1 represent the true isothermal reaction in 
specimens which are initially free of martensite and 
substantially free of quenching stresses. It is clear 
also that the incubation in the isothermal reaction is 
not caused by stabilization during the stress reliev- 
ing because the incubation is observed when the 
stress relieving is omitted. 

Alloy B did not transform above or at the tem- 
perature of liquid nitrogen, but it did form marten- 
site when stressed at the latter temperature. Since 
alloys A, B, and those used by Kurdjumov and Mak- 
simova and Cech and Hollomon have almost identi- 
cal nickel contents, the temperature (T,,) at which 
the maximum rate of isothermal transformation oc- 
curs was plotted as a function of manganese content 
in Fig. 6. The compositions were adjusted to 23.0 
pct Ni by assuming that 1 pct Mn is twice as effec- 
tive as 1 pet Ni.’ It is evident that T,, is strongly 
dependent on the manganese content, and the dis- 
crepancies in the literature on Fe-Ni-Mn alloys”* 
thus are explainable on the basis of slight variations 
in composition. The classical nucleation theory”” 
for substitutional iron-base alloys predicts that the 
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Fig. 3—Isothermal transformation curves at indicated tem- 
peratures for samples with 1.5 to 2 pct initial martensite. 
“(Insert figure shows the absence of an incubation period in 
the early transformation.) 
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Fig. 4—Effect of stress relief on martensite formation at 
—196°C. 


maximum rate of transformation should decrease 
with increasing alloy content, but that the tempera- 
ture corresponding to the maximum rate should 
remain virtually unchanged. The latter prediction is 
contrary to the marked variation in T,, as a function 
of manganese content indicated in Fig. 6. 

It is also possible to avoid martensite formation on 
subcooling in an alloy containing 5.24 pet Mn and 
1.10 pct C (alloy C). Fig. 7 shows that this material 
exhibits a substantial incubation period (about 20 
min at —196°C) and then transforms isothermally 
like alloy A. The reaction is extremely sensitive to 
composition, different pieces of the same bar dis- 
playing large variations in transformation behavior. 
A small increase in carbon content is sufficient to 
inhibit the transformation completely, while a 
small decrease in carbon brings the M, into the tem- 
perature range of interest here and it becomes im- 
possible to avoid the athermal reaction prior to the 
isothermal transformation. 


Discussion of Results 

These data indicate that in certain alloys marten- 
site can form by a completely isothermal process. In 
the absence of initial martensite produced on cool- 
ing, there is an induction period in the isothermal 
transformation wherein no martensite (within a 
sensitivity of 0.2 pct tranformation) is observed. 
On the other hand, in the presence of 1 to 2 pct 
prior martensite, the reaction rate is a maximum at 
the beginning of the isothermal transformation. 


Fig. 5—Distribution 
of martensite formed { A 
isothermally (100 min : 
—196°C) tin) 
quenched specimen 
without stress relief. 
Alloy A (23.2 pct Ni, 
3.62 pct Mn), longi- 
tudinal section, 
etched with Vilella’s 
reagent. X75. Area 
reduced approx i- 
mately 25 pct for re- 
production. 
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Fig. 6—Temperature (T,) of maximum rate of isothermal 
martensite formation in Fe-Ni-Mn alloys. 


It would thus appear that Fisher’s calculations’ 
which predict a maximum initial rate and which are 
fitted to the Cech and Hollomon data are not re- 
presentative of the true isothermal reaction. The 
equations of Kurdjumov and Maksimova also fail in 
this respect. The free energies of nucleation based 
on Fisher’s treatment of the Cech and Hollomon data 
are approximately 10,000 to 27,000 cal per moi in 
the temperature range of —196° to —90°C. If the 
initial transformation rates (unstimulated by prior 
martensite) are used in the same calculations, the 
free energy of nucleation required to form a nucleus 
11,000 to 29,000 cal per mol. 

One factor that leads to these rather large values 
for the free energy of nucleation is the assumption 
of random nucleation due to thermal fluctuations. 
Alternatively, if the strain embryo concept is 
adopted,’ the nucleation is regarded as occurring 
only at preferred sites, but still under the impetus of 
thermal fluctuations. The preferred sites are pic- 
tured as regions of local strain or imperfections in 
the lattice, having a distribution of free energies 
above that of the unstrained matrix. If F, is the 
free energy of nucleation required to form a nucleus 
from the perfect lattice, then a strain embryo of free 
energy F could be activated by the increment of free 
energy AF, = F, — F. This would be a more proba- 
ble event than nucleation from the perfect lattice 
and the most potent embryos wouid be nucleated 
first. If F is larger than F,, nucleation can take place 
without benefit of thermal] fluctuations; this is the 
athermal mode of the martensitic transformation. 
However, when F is smaller than F,, the embryo 
must wait for a thermal fluctuation to provide the 
increment of free energy necessary for nucleation; 
this is the isothermal mode of the martensitic trans- 
formation. In order to find only the isothermal trans- 
formation, as in the present investigation, AF, must 
be larger than RT to avoid athermal and immediate 
isothermal transformation, but AF’, should not be too 
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Fig. 7—Isothermal formation of martensite in a manganese 
steel at —196°C in a sample containing no initial marten- 
site. 


large if appreciable transformation is to occur within 
convenient periods of time at these subzero tempera- 
tures. Such requirements seem to be met in rela- 
tively few alloys. 

The magnitude of AF, for the alloy A studied here 
may be estimated from the initial rates of isothermal 
transformation. It is assumed that, at each reaction 


temperature, the rate of nucleation (N ) is constant 
during the incubation period at least up to the time 
(t,) of the first detectable amount of martensite (0.2 
pet). Then 


0.002 =Nvt, 


where N is nuclei per cu cm per sec, v is the volume 
of each initial martensitic plate = 77r*6/2 for a len- 
ticular shape of radius r and thickness 6, and tf; is 
the time in seconds required to detect the first 0.2 
pet martensite. According to metallographic meas- 
urements, r ~ 1.6x10° cm and 6 ~ 8x10~ cm for the 
first plate formed in each austenitic grain. Plates of 
this size correspond to 3 pct by volume of the aus- 
tenitic grain, and this is the same for each reaction 
temperature. This is in good agreement with the 
value of 5 pct adopted by Fisher’ although his analy- 
sis of the Cech and Hollomon data results in an un- 
expected range from 1.4 to 6.9 pet, depending on the 
reaction temperature. 

The rates of nucleation derived from Eq. 1 are 
listed in Table II. These values are smaller by a 
factor of about 10° than the Cech and Hollomon rates 


employed in Fisher’s calculations. N is related to 
AF, through the relation 


N = n,v exp [—AF,/kT] [2] 


where n; is the number of preferred sites per cu cm 
at which the initial martensitic plates are nucleated; 
v is the lattice vibration frequency, taken as 10° 


Table II. Initial Nucleation Rates and Activation Energies for 
Isothermal Martensite Formation. Alloy A: 23.2 pct Ni, 3.62 pct Mn 


Tem- y, Nuclei 
perature, perCu . AFa, 
°C ti, Sec Cm per Sec AF a/Rt Cal per Mol 

—90 200 oh} 38.0 13,900 
—100 100 67 37.3 12,900 
—110 60 110 36.8 12,000 
—120 40 167 36.3 11,100 
—130 35 190 36.0 10,300 
—140 25 270 35.7 9,500 
—150 35 190 36.2 8,900 
—160 65 103 36.7 8,300 
—170 120 57 37.0 7,700 
—180 300 22 38.4 7,150 
—190 650 10 39.1 6,500 
—196 1000 7 ; 39.9 6,150 
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= 


sec’; AF, is the increment of free energy required to 
activate the most potent embryos; k is Boltzmann’s 
constant; and T is absolute temperature. 

If it is assumed that there is one most potent em- 
bryo per grain of austenite, n, can be taken as the 
number of grains per cu cm, or 10° for the observed 
grain size of ASTM Nos. 1 and 2. 

The values of AF, calculated from Eq. 2 are listed 
in Table II. The temperature dependence of AF, is 
closely similar to that found for Fe-Ni alloys by 
Machlin and Cohen.’ 

The concept of preferred sites for the nucleation 
of martensite, even in the absence of prior marten- 
site, leads to reasonable values for AF,. Random 
nucleation seems unlikely in that it would require 
considerably higher energies of nucleation (by a 
factor of ~2) to account for the low rates of nuclea- 
tion during the early stages of the isothermal mar- 
tensitic transformation. 


Summary 

1—Isothermal formation of martensite has been 
studied in Fe-Ni-Mn and Fe-Mn-C alloys in the 
absence of athermal or prior martensite. 

2—Contrary to the findings of other investigators, 
the reaction rate at each temperature is quite small 
initially and increases to a maximum because of 
autocatalytic effects only after some martensite is 
present. 

3—Unless the autocatalytic phenomenon is taken 
into account, the classical nucleation theory should 
not be applied to the maximum transformation rates 
but to the much lower initial rates. Also, the as- 
sumption of random nucleation leads to relatively 
high energies of nucleation. 

4—More reasonable values for the energies of nu- 
cleation are derived on the basis of preferred nuclea- 
tion sites in the virgin austenite. This is consistent 
with the strain embryo concept of martensite nu- 
cleation. 
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Technical Note 


Melting Point of Germanium and the Constitution of Some Ge-Ga Alloys 


by E. S. Greiner and P. Breidt, Jr. 


SE HIS note reports a determination of the melting 
point of germanium, and the liquidus of the 
Ge-Ga alloys; lattice constants of the a phase are 
given. 
The alloys were prepared by melting germanium 
(>20 ohm-cm resistivity) and gallium (99.6 pet) in 
evacuated silica tubes. The materials (50 to 70 g) 
were heated at 1000°C, held in the liquid state for 
about 34 hr, and then cooled rapidly in the tubes. 
Points on the liquidus were obtained by thermal 
analysis which consisted of obtaining time-temper- 
ature data during heating and cooling the materials 
in high purity graphite crucibles and a helium at- 
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mosphere. Temperatures were determined with a 
Pt—Pt-Rh thermocouple protected by a silica sheath. 
The couple was calibrated against a National Bureau 
of Standards calibrated couple and also against the 
freezing points of copper, silver, aluminum, and the 
28.1 wt pet Cu, 71.9 wt pct Ag alloy eutectic. 

The samples for X-ray analysis were prepared by 
heating small pieces of the ingots in evacuated glass 
or quartz tubes at temperatures between 600° and 
900°C for periods ranging from 2 hr to 22 days, 
periods deemed sufficient for equilibrium to be at- 
tained, followed by quenching in water. The heat- 
treated samples were ground to powder for X-ray 
analysis. The lattice constants of the germanium- 
rich phase (a) were determined with a back-reflec- 
tion focusing camera. The X-ray reflections (331 
and 422 Cr Ka, 422 and 333 Cr Kf) were corrected 
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Fig. I—Thermal analysis of germanium. Time-temperature plots for 
heating and cooling. Pt—Pt-Rh thermocouple, reference junction 
at 0°C. 


for refraction. The precision of the lattice constant 
determinations, calculated by Cohen’s method,”* was 
one part in 50,000. 

The duration of the constant temperature arrests 
while melting or freezing, for the five tests on ger- 
manium, was from 7 to 20 min depending upon the 
rate of heating or cooling; one set of data is plotted 
in Fig. 1. The temperatures of the arrests for the 
two samples of germanium are given in Table I. 
The precision of the thermocouple calibration was 
+0.5°C. Hence, the melting or freezing point of 
these samples of germanium is 937.2 +0.5°C. Early 
investigators reported the melting point of germa- 
nium as high as 958°C,** others obtained 949°C;° 
more recently, 940°C has been reported.® 

Thermal analyses of germanium alloys containing 
up to 45.91 atomic pct Ga showed that discontinui- 
ties associated with the liquidus occurred at the 
temperatures given in Table I, designated by circles 
in Fig. 2.. These data are in good agreement with 
earlier results* for the alloys containing up to 25 
atomic pct Ga. At 45 atomic pct Ga, however, the 
present investigation showed the liquidus is ap- 
proximately 30°C higher than the point at this com- 
position reported previously. The higher value is 
consistent with a smooth curve for the liquidus in 
this system. 


Table I. Thermal Analysis Data 


Gallium Thermal Arrest 


: wt Atomic Heating, Cooling, Average, 
Sample No. Pet Pct °C °C °C 


Germanium (A) — 
Germanium (A) — 
Germanium (A) — 
Germanium (A) — 
Germanium (B) 


o 
a 
© 


937.2 
Ge-Ga, No. 1 5.37 5.58 918 918 
Ge-Ga, No. 2 10.26 10.64 900 898 
Ge-Ga, No. 3 19.76 20.40 — 862 
Ge-Ga, No. 4 45.09 45.91 — T47 
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The lattice constants of a series of Ge-Ga alloys 
containing up to 1.30 atomic pct Ga, heated to tem- 
peratures between 600° and 900°C for various peri- 
ods and quenched, are plotted in Fig. 3. The addi- 
tion of gallium increases the lattice constants of the 
alloys in the a phase approximately 0.0004A per 
atomic pct Ga. This enlargement of the lattice is 
qualitative evidence that gallium dissolves in solid 
germanium. The trend of the values suggests a solid 
solubility of approximately 1 atomic pct Ga at these 
temperatures. 

Burton, Kolb, Slichter, and Struthers,’ from freez- 
ing experiments, obtained a value of approximately 
0.1 for the distribution coefficient C;s/C, of ger- 
manium-rich alloys. Cs and C, are the atom concen- 
trations of gallium in the solid and liquid at specific 
temperatures. If a value of 0.1 at 900°C and the 
liquidus concentration from Fig. 2 are used, the sol- 
ubility of gallium at this temperature is 1 atomic 
pet. This value is consistent with the X-ray diffrac- 
tion data. 
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Contribution of Crystal Structure to the Hardness of Metals 


by W. Chubb 


By measuring the hardness of metals at temperatures just above and just below their 
allotropic change point, it has been established that crystal structure has a real effect upon 
the strength of metals. The DPH of cobalt, iron, titanium, uranium, and zirconium have 
been measured at temperatures up to 1000°C. It was found that the body-centered-cubic 
crystal structure is always the softer structure when it is involved in an allotropic trans- 
formation. The close-packed and more complex structures are inherently harder, and may be 
expected, therefore, to be better base materials for high strength alloys. 


ig has been observed that for metals with nearly 

the same melting point (i.e., tin and lead, magne- 
sium and aluminum) the metal with the more com- 
plex crystal structure has a higher tensile strength 
and hardness. It might be asked whether this effect 
is really caused by the difference in crystal struc- 
ture; and, if so, just what is the contribution of 
crystal structure to the strength of these metals. A 
qualitative answer to these questions can be ob- 
tained by measuring the change in hardness pro- 
duced by the change in structure in metals exhibit- 
ing allotropic forms. 

The evidence for changes in mechanical properties 
during allotropic transformations is rather meager. 

In 1909, Rosenhain and Humfrey’ observed that “‘p” 
iron showed much less deformation at the transfor- 
mation temperature than a iron. By means of a 
torsion test, Lee* found that iron bars were “criti- 
cally plastic” at the a-y transformation temperature. 
Sauerwald and Knehans*® have shown that the dy- 
namic hardness of iron increases between 900° and 
1000°C. In 1930, Albert Sauveur* presented data on 
the hardness, tensile strength, and torsional strength 
of pure iron up to 1000°C. He concluded, “At 900°C, 
the a iron transforms into y iron, and this is accom- 


panied by increased strength and stiffness and de- 


creased ductility.” 

The same year, Schischokin’ obtained data on the 
hardness of thallium at temperatures above and be- 
low its transformation temperature. His data are 
replotted on semilogarithmic coordinates as Fig. 1. 
The fact that his data fall on straight lines in this 
type of plot is believed to attest to the purity of his 
metal and the accuracy of his results. In 1941, Nadai 
and Manjoine® obtained tensile data on pure iron 
with an indicated increase in strength at about 
900°C. These experiments make it quite evident 
that changes in mechanical properties occur when a 
metal transforms from one crystal structure to an- 
other; but, except for Schischokin’s data on thallium, 
none of the measurements seem accurate enough to 
determine the relative magnitude of the mechanical 
property change. 

Materials 

The metals that have been examined for changes 

in hardness during transformation include 1—as- 
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deposited commercial electrolytic cobalt about 99.7 
pct pure, 2—Armco ingot iron, 3—arc-melted iodide 


titanium of a purity in excess of 99.8 pct, 4—ura- 


nium of a purity in excess of 99.5 pet, 5—arce-melted 
iodide zirconium of a purity in excess of 99.8 pct, 
6—annealed, 0.08 pet C, rimmed steel, and 7—com- 
mercially pure RC55 titanium. While the purity of 
the first five of these materials leaves something to 
be desired, it will be noted that the observed hard- 
ness discontinuities occurred at the accepted trans- 
formation temperatures. (These temperatures are 
indicated by vertical arrows in Figs. 1 and 3 through 
7.) The last two materials are commercial alloys 
introduced to show the effect of minor alloying ele- 
ments upon the hot hardness curve. 


Apparatus 
Hardnesses at elevated temperatures were deter- 
mined by means of a vacuum hot hardness machine. 
A diagram showing the basic features of this ma- 
chine appears as Fig. 2. This machine is essentially 
a deadweight hardness machine in a furnace within 
a vacuum chamber. The sapphire-tipped indentor 
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Fig. 2—Hot hardness machine. Area reduced approximately 
80 pct for reproduction. 


has a 136° pyramid tip and is heated to approxi- 
mately the same temperature as the specimen. This 
arrangement allows a direct comparison between 
hardness measurements made at elevated tempera- 
tures and measurements made at room temperature 
with standard equipment. In fact, all room tempera- 
ture data reported in Figs. 3 through 7 were deter- 
mined by using a Vickers machine with a 10 kg load. 

The absolute accuracy of the hot hardness ma- 
chine has been checked by comparing readings 
taken at room temperature using this machine with 
those taken using a Vickers machine. The hardness 
numbers obtained agree within 5 pct. The repro- 
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Fig. 3—Hardness of electrolytic cobalt at elevated tempera- 
tures. 
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ducibility of results obtained with this equipment is 
illustrated by the results for an 0.08 pet C rimmed 
steel (Fig. 4). This curve is a composite of two hot 
hardness runs on the same specimen, one from 300° 
to 800°C and the other from 750° to 950°C. Tem- 
perature measurements were accurate to +10°C, 
and the heating rate was equivalent to 2° or 3°C 
per min. 

In a typical hot hardness run, the vacuum cham- 
ber is evacuated to an absolute pressure of less than 
5 microns Hg. The specimen and indentor are heated 
to temperature by means of radiant energy from a 
commercial resistance heating unit. The specimen 
temperature is measured and the voltage input to 
the furnace is controlled by means of a thermo- 
couple in the pedestal. When the specimen temper- 
ature is stabilized at the desired temperature, the 
pedestal is raised until the specimen contacts the in- 
dentor and raises the indentor column off a micro- 
switch. The indentor and indentor column weigh 
870 g and are allowed to remain in contact with the 
specimen for approximately 10 sec. After 10 sec, 
the pedestal is lowered, the specimen is moved to a 
new position, and the process is repeated. In this 
manner, a series of hardness measurements can be 
made at temperatures up to 1000°C. 


Results of Experiments 

The hardness data obtained show that for co- 
balt there is practically no change in DPH during 
transformation from hexagonal-close-packed to 
face-centered-cubic (Fig. 3); for Armco iron the 
transformation from body-centered-cubic to face- 
centered-cubic is accompanied by a threefold in- 
crease in hardness (Fig. 4); for thallium, titanium, 
and zirconium, the transtormation from hexagonal- 
close-packed to body-centered-cubic is accompanied 
by a threefold decrease in hardness (Figs. 1, 5, and 
7); for uranium, the transformation from complex 
tetragonal to body-centered-cubic is accompanied 
by a decrease in hardness of about 25 times (Fig. 6). 

Data for the commercial alloys, low carbon mild 
steel, and RC55 titanium, are included in Figs. 4 and 
5 to show the effects of impurities and minor alloy- 
ing additions upon the hot hardness curve. In gen- 
eral, alloying elements tend to raise the level of the 
whole hot hardness curve and tend to obscure the 
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Fig. 4—Hardness of iron at elevated temperatures. 
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Fig. 5—Hardness of titanium at eleyated temperatures. 


mechanical property changes at the transformation 
temperature. 

In each case, the data are plotted on semiloga- 
rithmic coordinates. This method of presentation 
has the advantage that much of the data seem to fall 
on straight lines. While no explanation for this 
straight-line relationship has been established, one 
of the breaks’ occurs at 0.55 of the melting point 
(which temperature is known as the equicohesive 
temperature) and another coincides with allotropic 
transformations. For alloys, deviations from line- 
arity also occur as a result of precipitation phenom- 
ena.” From this coincidence, it might be supposed 
that the straight-line portions of the curves corre- 
spond to temperature ranges in which there is no 
significant change in modes of crystal deformation. 

An analysis of Fig. 4 will disclose that @ iron, as 
represented by Armco iron, continues to soften be- 
tween 730° and 900°C and that at 900°C y iron is 
harder than a iron at 730°C. In a 0.08 pct C steel 
under equilibrium conditions, somewhat less than 
20 pct y iron will coexist with a iron at 825°C. Since 
a few hard particles in a soft matrix do not contrib- 
ute much to the hardness of the whole, the hardness 
curve below 825°C is essentially the hardness curve 
for a iron. It may be concluded from this that the 
weakness of low carbon steels in their transforma- 
tion range is caused to a great extent by the softness 
of a iron at these temperatures. 

As illustrated in the introduction, there is good 
correlation between these hardness data and other 
mechanical properties; however, the correlation 
with other physical properties is poor. Many of the 
physical properties of metals change during an allo- 
tropic transformation, but there seems to be little 
correlation with mechanical properties. For exam- 
ple, the density of titanium and zirconium increases 
as the hardness decreases in transformation; the 
density of iron increases as the hardness increases 
in transformation. 

These experiments show that the hardness changes 
caused by allotropic transformation are related to 
the type of transformation; the relative magnitude 
of the property change appears to be a character- 
istic of the crystal structure change. The body-cen- 
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Fig. 6—Hardness of uranium at elevated temperatures. 
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Fig. 7—Hardness of iodide zirconium at elevated tempera- 
tures. 


tered-cubic crystal structure is always the softer 
structure when it is involved in a transformation. 
The face-centered-cubic and hexagonal-close- 
packed lattices have approximately the same struc- 
tural strength and contribute more to the hardness 
of metals than the body-centered-cubic lattice. 
Highly complex lattices, although less dense, con- 
tribute even more to the strength of a metal. Each 
crystal structure contributes characteristically to 
the strength of an alloy. However, several other 
factors, such as the melting point, are involved in 
the strength of a metal, so that it does not follow 
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that a face-centered-cubic metal must always be 
stronger than a body-centered-cubic metal. It is 
suggested, however, that for those metals that ex- 
hibit allotropic forms, alloys based on the stronger 
lattice will have an initial advantage over those 
based on the weaker lattice. This factor may ex- 
plain why face-centered-cubic ‘‘austenitic” alloys 
of iron tend to have better high temperature 
strength than body-centered-cubic “ferritic” alloys 
of iron. 

These experiments show that the symmetry of the 
lattice is an important factor in the strength of metals 
at elevated temperatures. Conversely, symmetry is 
related to the ease of deformation of the lattice. 
These observations tend to support the theory that 
one mechanism of deformation at elevated temper- 
atures involves glide or slip along crystallographic 
planes. 
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Technical Note 


Thermal Conductivity of Uranium and Several Uranium Alloys 


by James L. Weeks 


HERMAL conductivities of several samples of 

uranium and uranium alloys were determined 
using an apparatus previously described.’ The value 
previously reported for uranium,’ 0.035 cal per sec 
per cm per °C at 70°C, is in error due to the failure 
of a thermocouple during the determination on ura- 
nium. The defective thermocouple was detected 
after a reanalysis of the data. obtained during the 
run and since has been replaced. Subsequently, runs 
on several samples of uranium show the thermal 
conductivity of uranium to be 0.069 cal per sec per 
Creat 

The accuracy of the determinations was checked 
by measuring a sample of synthetic sapphire whose 
thermal conductivity was previously reported*” and 
found to be in agreement with other values.*” 

The values given in Table I are believed correct 
to + 3 pct or 0.003 cal per sec per cm per °C, which- 
ever is larger. The samples were provided by J. H. 
Kittel of the Argonne National Laboratory, Metal- 
lurgy Div. 
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Table |. Thermal Conductivity of Uranium and Several 
Uranium Alloys 


Thermal 
Conductivity 
Ailoying at 70°C, 
Speci- Element, Cal per Sec 
men (Pet) * Remarks per Cm per °C 
1B2 0.03 C As-rolled rod 0.0702 
2B3 0.08 C As-rolled rod 0.0702 
3Bl As-rolled rod 0.0595 
4B4 2.2 Zr As-rolled rod 0.0571 
5A3 0.1 Cr As-rolled rod 0.064; 
7B1 0.5 Cr As-rolled rod 0.0663 
A-6 none High purity, 
quenched from 
0.0710 
A-8 none High purity, 
quenched from 
°C 0.071s 
35 none Prepared from 
hot-pressed 
UHs 0.064» 


* Balance uranium. 


* J. Francl and W. D. Kingery: Thermal Conductivity: 
IV, Apparatus for Determining Thermal Conductivity 
by a Comparative Method; Data for Pb, AlsOs, BeO, 
and MgO. Journal American Ceramic Society (1954) 
37, No. 2, Part II, pp. 80-84. (Part I: special issue on 
thermal conductivity. ) 

“W.D. Kingery, J. Francl, R. L. Coble, and T. Vasilos: 
Thermal Conductivity: X, Data for Several Pure Oxide 
Materials Corrected to Zero Porosity. Journal American 
Ceramic Society (1954) 37, No. 2, Part II, pp. 107-110. 
(Part II: special issue on thermal conductivity.) 

Edwin Ruh: New Jersey Ceramic Research Station, 
Rutgers University. Private communication. 
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Study of the Effect of Boron on The 
Decomposition of Austenite 


by C. R. Simcoe, A. R. Elsea, and G. K. Manning 


Boron increases the hardenability of hypoeutectoid steels by decreasing the nucleation 
rate of ferrite and bainite. It is postulated that concentrations of lattice imperfections, 
such as exist at the grain boundaries, furnish the necessary energy for nucleus formation. 
Boron, because of its atomic diameter, will concentrate at lattice imperfections where sites 
of suitable size are present. Boron will decrease the energy of these local areas by occu- 
pying these sites. This mechanism accounts for the large increase in hardenability ob- 
served with small amounts of boron. The loss of the boron hardenability effect and the 
boron precipitate formation are explained on the basis of increased concentration of boron 
at the grain boundaries either with increasing boron content of the material or with in- 


creasing temperature. 


OMMON alloying elements affect both the nu- 

cleation and growth rates of the austenite de- 
composition reactions.’ This effect is largely a result 
of the slow diffusion rates of these elements. Al- 
though a small addition of boron markedly increases 
the hardenability of steel, the diffusion rate of 
boron, which is of the same order of magnitude as 
that of carbon, can hardly account for this effect. 
An addition of boron in the range of 0.001 to 0.003 
pet is about as effective as an addition of 0.30 pct 
Mo, 0.40 pet Cr, or 1.25 pet Ni in increasing the 
hardenability of a 0.40 pct C steel; however, in- 
creasing the carbon content of the steel decreases 
the effectiveness of the boron addition.** 

The difficulty in understanding why so small an 
addition of boron can replace much larger quanti- 
ties of the more strategic alloys, together with the 
erratic behavior sometimes encountered in boron- 
treated steels, has interfered with their general 
acceptance by industry. In the belief that an under- 
standing of the mechanism by which boron increases 
the hardenability of steel should lead to a more 
general acceptance of boron-treated steels, a re- 
search investigation to determine this mechanism 
was undertaken at Battelle Memorial Institute un- 
der sponsorship of Wright Air Development Center. 

Experimental Work 

In order to study the effect of boron on the trans- 
formation of austenite to ferrite and bainite, a group 
of steels was made with a basic composition similar 
to that of the SAE 8600 series. This base composi- 
tion was chosen because it has sufficient harden- 
ability to permit accurate measurement of the times 
required for transformation to start at various tem- 
peratures. The chemical analyses of the steels used 
in the first part of this investigation are listed in 
Table I. 

These steels were made as 200 lb heats in an 
induction furnace. The furnace charge was Armco 
ingot iron with the alloying elements added as 
ferroalloys. After the alloy additions were made, 
the heat was deoxidized with 0.125 pct Al. A 100 
lb ingot was cast and an addition of 0.003 pct B, as 

C. R. SIMCOE, A. R. ELSEA, Member AIME, and G. K. MANNING, 
Member AIME, are associated with Battelle Memorial Institute, 


Columbus, Ohio. 

Discussion on this paper, TP 3923E, may be sent, 2 copies, to 
“AIME by Apr. 1, 1955. Manuscript, Apr. 6, 1954. Chicago Meet- 
ing, February 1955. : 
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Table I. Chemical Analyses of Experimental Steels 


Steel Analysis, Pct 
Type, 

SAE No. B (e Mn Si Ni Cr Mo P Ss 
8620 0.85 29° 0.012 0.026 
86B20 0.001 0.22 0.85 0.25 0.51 0.40 0.15 0.012 0.023 
8635 0.38, 0:25. 0.50 0:15 0:015 (05027 
86B35 0.002 0:37 0.83 27 '0.50 0.35 0.14 0.025 


ferroboron, was made to the metal remaining in the 
furnace. This metal was cast into a second 100 lb 
ingot. 

The ingots were forged to 1% in. diam bar stock 
from which end-quench hardenability specimens 
were obtained. Part of this material was further 
reduced by hot rolling to 1x% in. bar stock from 
which specimens were obtained for isothermal 
transformation studies. 

Studies of Nucleation and Growth: End-quench 
hardenability tests were performed on these steels, 
using an austenitizing temperature of 1600°F. The 
hardenability curves, shown in Fig. 1, indicate that 
boron treatment resulted in considerable increase in 
hardenability of the steels. Any such change in 
hardenability must result from a change in the 
transformation rate of the austenite, and these rate 
changes can be established readily by isothermal 
transformation studies. 

Isothermal transformation studies were conducted 
on these steels as follows: specimens were austeni- 
tized at 1600°F for 15 min, transferred to a lead bath 
operating at a constant subcritical or intercritical 
temperature, held for various lengths of time, and 
water quenched. The specimens were sectioned for 
metallographic examination to determine the 
amount and the type of transformation products 
present. 

In order to determine the effect of boron on the 
formation rate of ferrite, isothermal transformation 
tests were made on the 0.20 pct C steel in both the 
boron-treated and boron-free condition at an inter- 
critical temperature of 1375°F where ferrite is the 
only decomposition product of this low carbon aus- 
tenite. The results of these tests are shown in Fig. 2, 
where the percentage of ferrite formed is plotted as 
a function of time at temperature. It is apparent 
that boron markedly decreased the transformation 
rate of austenite to ferrite at this temperature. 
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Fig. 1—End-quench hardenability curves for SAE 8600 series steels 
with the indicated carbon contents. 
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Fig. 2—Percentage of austenite transformed to ferrite as a 
function of time at,1375°F for SAE 8620 and 86B20 steels. 


It is generally agreed that the formation of ferrite 
is by a nucleation and growth process,” and the 
curves shown in Fig. 2 are of the sigmoid type 
which is common for these nucleation and growth 
reactions.” Consequently, the reactions may be an- 
alyzed using the mathematical methods developed 
for this purpose. 

The influence of boron on the growth rate of fer- 
rite was determined by measuring cross-sectional 
areas of the largest ferrite particles observed in 
samples of both a boron-treated and a boron-free 
steel which were held for progressively longer times 
at the isothermal transformation temperature. 
Assuming these areas to be circular, radii were calcu- 
lated and were plotted as a function of transforma- 
tion time in Fig. 3. The slopes of the initial straight- 
line portions of the curves represent the growth 
rates of the ferrite particles. Since these slopes are 
about the same for both the boron-treated and 
boron-free steels, apparently boron had little effect 
on the growth rate of the ferrite. 

To determine the effect of boron on the nucleation 
of ferrite, the number of ferrite particles visible in 
three or four typical fields was averaged, and the 
number of particles per unit area of specimen sur- 
face was calculated from this value. In Fig. 4 the 
number of ferrite particles per unit area of specimen 
surface is shown as a function of time at 1375°F for 
the 0.20 pet C steels. These data show that boron 
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treatment greatly reduced the rate at which new 
particles formed. That boron might affect the trans- 
formation rate by decreasing the nucleation rate has 
been suggested by other investigators,*’ but no 
quantitative data have been presented to verify this 
conclusion. 

Similar studies were made on the 0.35 pct C steel, 
both at 1250°F and in the bainite formation tem- 
perature range at 850°F. The reaction rates of aus- 
tenite to ferrite for these steels at 1250°F is shown 
in Fig. 5. The particle radii and the particle count 
have been plotted as a function of the reaction time 
in Figs. 6 and 7. These data, like those for the 0.20 
pet C steel at 1375°F, show that boron had little 
effect on the growth rate but had a considerable 
effect on the rate at which new ferrite particles 
formed. 

The reaction rate of austenite to bainite at 850°F 
for the 0.35 pet C steel is shown in Fig. 8. Accurate 
measurements of the particle areas and counts could 
not be made for bainite because of the acicular na- 
ture of the product. Nevertheless, after a given 
amount of austenite had transformed to bainite, 
there were fewer but larger particles of bainite in 
the boron-treated steel than there were in the 
boron-free steel. This effect is similar to that which 
boron had on the transformation of austenite to 
ferrite at higher temperatures; it indicates that 
boron decreased the nucleation rate of bainite also. 

The effect of boron on the nucleation rate of fer- 
rite can be placed on a semiquantitative basis, using 
the mathematical analyses that have been developed 
for the nucleation and growth processes.** It is as- 
sumed that treating the ferrite particles as spheres 
will not invalidate the calculations. Actually, they 
form as irregular-shaped polygons, at least at the 
higher temperatures. Furthermore, it is assumed 
that the formation of a small amount of ferrite will 
have only a small effect on the composition of the 
remaining austenite. Because of these assumptions, 
the mathematical analysis of the ferrite reaction will 
not yield absolute values for nucleation and growth 
rates, but the values obtained should furnish a basis 
for comparing the reaction rates in a boron-treated 
and a boron-free steel. 

The master‘reaction curve by, Johnson and Mehl’ 
for general nucleation can be used to determine the 
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rate of nucleation if the growth rate and the fraction 
of transformed ferrite are known. These values 
have been determined for the 0.20 and the 0.35 pet C 
steels, both in the boron-treated and untreated con- 
ditions; they are shown in column 3 of Table II. 

A method for calculating the rate of nucleation 
based on grain-boundary nucleation has been de- 
veloped by Dorn et al.* The rate of nucleation can 
be calculated in this manner from a knowledge of 
the fraction transformed and the number of trans- 
formed particles per austenite grain observed on the 
polished surface of the specimen. The rate of nu- 
cleation calculated on this basis is shown in column 
4 of Table II. A calculated rate of growth also can 
be obtained from the master curves of Dorn. These 
values are shown in column 5 of Table II. The 
values for the experimentally determined rate of 
growth are shown in column 6. Calculation by either 
method shows that boron has considerable effect on 
the nucleation rate of ferrite. It must be empha- 
sized, however, that these values obtained by calcu- 
lation are only relative values for the boron-treated 
and a boron-free steel. Accurate methods for ana- 
lyzing the ferrite reaction have not been developed. 

Loss of Boron Hardenability Effect and Formation 
of Boron Precipitate: As the austenitizing tempera- 
ture increases, the structure of steel generally be- 
comes more homogeneous and the grain boundary 
area decreases, resulting in increased hardenability. 
However, boron steels generally exhibit less harden- 
ability when quenched from temperatures of ap- 
proximately 2000°F, or higher, than when quenched 
from 1600°F.* Figs. 9 and 10 illustrate the reaction 
rates of ferrite formed at 1250°F from both the 
boron-treated and the untreated steels and from 
austenitizing temperatures of 1600° and 2100°F. If, 
after austenitizing at 2000°F or above, the specimens 
are lowered to 1600°F, the boron hardenability effect 
will return as a function of time. This effect of time 
at 1600°F on the bainite reaction is shown in Fig. 11. 

It has been shown by other investigators’ that a 
precipitate forms at the grain boundaries in speci- 
mens of boron steels that have been austenitized at 
2000°F, quenched to 1200°F, and held for a short 
time. However, if the specimens are held at 1600°F 
for various times before the 1200°F treatment, the 
amount of boron precipitate which forms decreases 
as the time at 1600°F increases. Fig. 12 shows the 
microstructure of two samples, one quenched di- 
rectly from 2100° to 1250°F and the other lowered 
to 1600°F for 10,000 sec before quenching to 1250°F. 
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- Fig. 5—Percentage of austenite transformed to ferrite as a 
function of time at 1250°F for SAE 8635 and 86B35 steels. 
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Table II. Values for the Nucleation and Growth of Ferrite 
Calculated from Isothermal Transformation Data 


Cale Ny 
Isothermal Johnson Cale N; Experi- 
Transforma- and Mehlé Dorn’ Cale G mental 
Steel tion Nuclei per Nuclei Dorn’ ; 
Type, Tempera- Cu Mm per SqMm Mm per Mm per 
SAE No. ture, °F per Sec per Sec Secx10-+ Sec x 10-4 
8620 1375 21,500 261 27 1.4 
86B20 1375 78.5 29 0.55 1.32 
8635 1250 6,550 180 0.98 1.3 
86B35 1250 596 10 0.58 0.67 


This behavior of boron steel indicates that the loss 
of the boron effect and the grain boundary concen- 
tration of boron, which must precede the precipitate, 
occur concurrently. 

To study the effect of the boron content of the 
steel on the hardenability and the loss of harden- 
ability at high austenitizing temperatures, a series 
of five ingots was made from a single 500 lb heat. 
After the heat was deoxidized with 0.125 pct Al, 
additions of 0, 0.0008, 0.004, 0.007, and 0.010 pct B 
as ferroboron were added to the furnace prior to 
pouring the ingots. The chemical analyses of these 
materials are listed in Table III. 

After the ingots were forged and rolled to 1 in. 
diam bar stock, they were subjected to hardenability 
tests from various austenitizing temperatures, Fig. 
13. This basis for judging hardenability was chosen 
because of the difficulty in determining accurately 
the point of inflection in the hardenability curves for 
these steels, and Rc 40 hardness occurs very close to 
the point of inflection in those instances where it can 
be determined. 
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Fig. 6—Number of ferrite particles per unit area of specimen 
surface as a function of time at 1250°F for SAE 8635 and 
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Fig. 7—Radius of largest particles present as a function of 
time at 1250°F for SAE 8635 and 86B35 steels. 


JANUARY 1955, JOURNAL OF METALS—195 


Table Ill. Chemical Analyses of Single Heat of Steel 
with Five Boron Contents 


Chemical Analyses, Pct 


Ingot 
No. B Cc Mn Si Ni Cr Mo P Ss Al 
ul 0.0000 0.35 87 0.24 0.52 0.43 0.14 0.030 0.019 0.10 
2 0.0005 0.34 0.86 0.31 0.51 0.43 0.15 0.031 0.019 0.10 
3 0.003 0.34 0.87 0.23 0.51 0.42 0.14 0.032 0.018 0.09 
4 0.006 0.33 0.85 0.27 0.50 0.42 0.14 0.028 9.018 0.09 
5 0.01 0.34 .88 0.22 0.51 0.43 0.13 0.031 ~ 0.017. 0 


As shown in Fig. 13, all the boron steels had 
higher hardenability than did the boron-free steel. 
However, the steel with the smallest boron addition, 
0.0005 pct, had the highest hardenability and this 
steel did not decrease in hardenability until the 
austenitizing temperature was increased to above 
1800°F. The hardenability of the 0.003 pct B steel 
was only slightly less than that of the 0.0005 pct B 
steel at 1500°F, but the decrease resulting from in- 
creasing temperature was evident at 1600°F. The 
0.006 pct B steel had significantly less hardenability 
at all austenitizing temperatures than did the steels 
with the two lower boron contents. The 0.01 pct B 
steel had approximately the same hardenability at 
all austenitizing temperatures. 

The increase in hardenability with austenitizing 
temperature in the boron-free steel is presumably 
caused by the increasing grain size. The boron steels 
exhibited a similar increase in grain size, as shown 
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Fig. 8—Percentage of austenite transformed to bainite as a func- 
tion of time at 850°F for steels SAE 8635 and 86B35. 
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in Table IV, but the hardenability decreased. This 
decrease in hardenability with increasing grain size 
(austenitizing temperature) is typical of most boron 
steels.*” 

Small specimens of these steels were subjected to 
the special treatment to develop the boron constitu- 
ent at the grain boundaries. This treatment, devel- 
oped by Grange and Garvey,‘ consisted of austenitiz- 
ing the specimens at 2300°F for 10 min, lowering the 
temperature to 1200°F for 10 sec, and then quench- 
ing in water. Metallographic examination of these 
specimens showed that the boron constituent was 
visible in the specimen which contained only 0.0005 
pet B and that the amount of the boron constituent 
increased as the boron content of the steel increased. 
Fig. 14 shows the boron constituent developed in 
steels containing 0.0005, 0.003, 0.006, and 0.01 pct B. 
The lightly etched area in the 0.003 pct B steel is a 
ferrite particle. This behavior indicates that the 
boron hardenability effect is inversely proportional 
to the amount of boron constituent which will pre- 
cipitate, not proportional as has been reported in 
the literature.* 

Additional experiments were conducted on an- 
other group of steels which had received very small 
additions of boron in the range of 0.0001 to 0.0005 
pet. The actual boron contents of these steels could 
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Fig. 11—Percentage of transformation as a function of time at 
850°F after various austenitizing treatments. 
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Fig. 12—Micrographs showing structure of 0.35 pct C-0.003 pct B steel when austenitized at 2100°F, 


b—10,000 sec 
at 1600°F. 


lowered to 1600°F for the indicated times, and quenched into lead bath at 1250°F for 250 sec. Picral 
etch. X1000. Area reduced approximately 30 pct for reproduction. 


not be determined by quantitative analyses because 
the boron content of the steels was below the pre- 
cision of the analytical method used. 

End-quench hardenability tests on these steels at 
an austenitizing temperature of 1600°F showed that 
the full boron hardenability effect was obtained for 
those steels which had received additions of 0.0003 
and 0.0005 pct B. When the austenitizing tempera- 
ture was increased to 2000°F, the steel with the 
nominal boron content of 0.0003 pct showed practi- 
cally no loss in hardenability, as shown in Fig. 15, 
whereas the steel with the nominal boron content of 
0.0005 pct showed an appreciable loss of the boron 
effect. The steel with a nominal boron content of 
0.0001 pct showed only a slight increase in harden- 
ability over that obtained for the base composition 
at all austenitizing temperatures. 


Proposed Mechanism for the Boron Effect 

The data presented in this paper show conclu- 
sively that boron increases the hardenability of the 
hypoeutectoid steels by decreasing the nucleation 
rate of ferrite and bainite. Consequently, any at- 
tempt to formulate a mechanism for the boron effect 
must be based on nucleus formation. 

Nucleus Formation: Nucleus formation during a 
phase change is largely a matter of concentration, 
configuration, and energy fluctuations.” “ The Vol- 
mer-Becker theory” of nucleation states that these 
fluctuations in a stable phase are such that fre- 
quently local areas acquire the concentration and 
configuration of a lower temperature phase; these 
areas are termed “germ nuclei” or “embryos.” For 
an embryo to become a stable nucleus at some lower 
temperature, it must exceed a certain critical size 
for that particular temperature. A smaller embryo 
may either redissolve or, through some mechanism, 
increase in size to become a stable nucleus. 

Concentration fluctuations in austenite result from 
random diffusion of carbon and other elements; the 
configuration fluctuations are caused by the thermal 
vibrations of the lattice. However, before an embryo 
can become a stable nucleus, in addition to the 
proper concentration and configuration, energy must 


Table 1V. ASTM Grain Size Numbers for SAE 8635 Steel 
with Various Boron Contents (0.5 Hr at Temperature) 


Austenitizing Temperature, °F 


Boron Content, Pct 1600 1800 2000 
0.0000 9 7 6 
0.0005 8 7 6 
0.003 9 6 5 
0.006 9 6 5 
0.01 8 4 3 
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Fig. 13—Hardenability as a function of austenitizing temper- 
ature for steel containing various amounts of boron. 


be provided for the formation of a new surface, for 
the volume expansion of the new phase, and for 
overcoming the strain energy of the nucleus and the 
parent phase. Areas of high energy exist at the grain 
boundaries, at the lattice sites occupied by solute 
atoms, and at other lattice imperfections. The great- 
est concentration of imperfections is at the grain 
boundaries and it is here that transformation gen- 
erally starts. 

Effect of Boron on Nucleus Formation: The ratio 
of the diameter of the boron atom to the iron atom is 
approximately 0.75,“ which is large for interstitial 
atoms where the ratio is usually 0.60 or less and 
small for a substitutional atom where the ratio 
should be 0.85 or greater.” Thus, the boron atom is 
not well suited for either interstitial or substitutional 
solution. 

It is postulated that the first boron atoms that are 
introduced will tend to occupy sites near lattice im- 
perfections, where the atomic spacing is about 0.75 
that of the perfect iron lattice. It is further postu- 
lated that these favorable sites are found primarily 
at grain boundaries and that the presence of boron 
atoms in these sites will lower the energy peaks of 
these local areas. Further additions of boron con- 
tinue to lower the energy at the grain boundaries 
and at the sites of other lattice imperfections until 
those sites which can readily accommodate the boron 
atoms are filled. After this boron content has been 
reached, any additional boron atoms will be forced 
into less desirable sites, with the result that the 
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strain energy at the grain boundaries will be in- 
creased. According to the postulate, the grain bound- 
ary energy available for nucleation at the sub- 
critical transformation temperature is a function of 
boron concentration, shown schematically in Fig. 16. 

Since it is probably the energy at the grain 
boundaries and other lattice imperfections that en- 
ables the embryos to become stable nuclei, boron 
by lowering the energy of these lattice imperfections 
would decrease the nucleation rate of ferrite and 
bainite. However, should the boron content exceed 
that which can be accommodated at the imperfec- 
tions, the excess may increase the strain energy or 
may precipitate as a boron phase at the grain bound- 
aries which in turn will furnish new surfaces and 
new high energy sites, thereby increasing the nucle- 
ation rate of ferrite and bainite. 

Boron Precipitate and Hardenability Loss: Since it 
is postulated that boron concentrates at lattice im- 
perfections and since these lattice imperfections are 
concentrated at the grain boundaries, it would be 
expected that the boron distribution in the vicinity 
of the grain boundary would be similar to that in- 
dicated schematically by one of the curves in Fig. 17. 
Results of the hardenability tests shown in Fig. 13 
indicate that increasing the boron content in the 
steel above approximately 0.0005 pct results in a de- 
crease in hardenability, even at normal austenitizing 
temperatures. This relaticnship suggests that, with 
increasing boron content in the steel, there is a 
further increase in boron concentration at the grain 
boundary, as shown schematically in Fig. 17. 

Also, from the data in Fig. 13, it may be seen 
that increasing the austenitizing temperature results 
in a decrease in hardenability and that the lower 
the boron content of the steel, the higher the austen- 
itizing temperature must be before the loss of hard- 
enability is encountered. Furthermore, it has been 
observed that the temperature to which the steel 
must be heated before the boron constituent can be 
developed at the grain boundaries decreases as the 


a—0.0005 pct 


c—0.006 pct B. 


boron content of the steel is increased. This behavior, 
together with the fact that any boron steel must be 
heated to a relatively high temperature before the 
boron constituent can be developed at the grain 
boundaries, strongly suggests that boron concen- 
trates at the grain boundaries with increasing 
austenitizing temperature. This increase in boron 
concentration at the grain boundaries with increas- 
ing austenitizing temperature is shown schematically 
in Fig. 18. 

On direct quenching, the boron distribution which 
is established at a high austenitizing temperature 
will be retained to the transformation temperature. 
If this boron concentration at the grain boundaries 
exceeds that amount which results in the minimum 
grain boundary energy, there will be a loss in the 
boron effect. However, if after austenitizing at a 
high temperature, the temperature is lowered to a 
normal austenitizing temperature and held for a 
period of time to permit redistribution of the boron, 
an accompanying recovery of the hardenability 
effect will result as shown by data in Figs. 11 and 12. 

The postulated mechanism for the boron harden- 
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Fig. 15—End-quench hardenability curves on steels of very low 
boron contents when austenitized and quenched from 2000°F. 
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Fig. 14—Micrographs showing boron constituent developed in steels of various boron contents. Iso- 


thermal specimens, austenitized at 2300°F for 10 min, lowered to 1200°F for 10 sec. 
X1000. Area reduced approximately 30 pct for reproduction. 
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Ty -Subcritical transformation temperature 
A- Boron concentration for minimum grain boundary 
energy and maximum hardenability effect 


P- Boron concentration which will produce boron 
precipitate 
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Increasing 


A Pp 
Increasing 


Boron Concentration 
Fig. 16—Schematic representation of grain boundary energy avail- 
able for nucleation as a function of boron concentration at a 
subcritical transformation temperature. 


ability effect suggests that a steel containing a cer- 
tain small but critical amount of boron (that amount 
which would result in the minimum grain boundary 
energy available for nucleation at the transforma- 
tion temperature) would show the maximum boron 
hardenability effect and that this hardenability 
effect could be retained to fairly high austenitizing 
temperatures. This behavior was exhibited by a steel 
which had received an addition of 0.0003 pct B; and 
since it is unusual in actual steelmaking practice to 
obtain full recovery of the boron, it is probable that 
the actual boron content of this steel was less than 
0.0003 pct. With this small critical boron content, the 
number of boron atoms is of the same order of mag- 
nitude as the number of lattice imperfections that 
are estimated to be present in austenite. Thus, the 
amount of boron required to achieve the maximum 
hardenability effect seems to be consistent with the 
postulate that the effective boron is located largely at 
lattice imperfections. 


Conclusions 

The principal conclusions of this investigation are 
as follows: 

1—Experimental evidence shows that boron in- 
creases the hardenability of hypoeutectoid steels by 
decreasing the nucleation rate of ferrite and bainite 
with little or no effect on the growth rate. 

2—The boron effect which is lost at high austen- 
itizing temperatures is recovered as a function of 
time by lowering the temperature to the normal 
austenitizing temperature range before quenching. 

3—The boron precipitate, which forms at approxi- 
mately 1250°F after austenitizing at 2000°F or 
higher, does not appear if the temperature is first 
lowered to the normal austenitizing temperature 
range for a short time before isothermal treatment 
at 1200°F. 

4—If the boron content does not exceed a critical 
value (approximately 0.0001 to 0.0003 pct), the steel 
can be austenitized at 2000°F with little loss in 
hardenability and without forming the boron pre- 
cipitate. 

5—-A “mechanism has been proposed to explain the 
effect of boron on the nucleation of ferrite and 
bainite. This mechanism assumes that lattice im- 
perfections furnish the energy required for nuclea- 
tion. It is further proposed that boron, because of its 
size, concentrates at lattice imperfections. Because 
‘the energy level of these imperfections is lowered by 
the presence of boron, they are less likely sites for 
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Fig. 17—Schematic representation of boron concentration at 
the grain boundary as a function of boron content of the steel. 
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Fig. 18—Schematic representation of boron concentration at 
the grain boundary as a function of austenitizing temperature. 


nucleation. These imperfections occur in the greatest 
abundance at grain boundaries. The loss in harden- 
ability and the boron precipitate which occur when 
austenitizing at approximately 2000°F are explained 
on the basis of increased boron concentration at the 
grain boundaries with increasing boron content of 
the steel or with increasing austenitizing tempera- 
ture. When the concentration of boron at the im- 
perfections is raised above a critical value, the 
energy peak at the imperfection begins to increase 
and the imperfection again becomes a more favor- 
able site for nucleation. 
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Dispersion Hardening of Copper-Chromium Alloys 


by W. R. Hibbard, Jr. and E. W. Hart 


The room temperature flow characteristics of a series of Cu-Cr alloys are found 
to be related to the amount and characteristics of the chromium-rich precipitate. 
The results are consistent with the theory of Fisher, Hart, and Pry, which considers 
the trapping to dislocation loops around precipitate particles. 


HE use of dispersed phases for hardening metals, 
particularly high temperature alloys, has been 
practiced for several years. Current theories de- 
scribing the effects of dispersions on the basis of dis- 
location theory have been proposed by Mott and 
Nabarro,”* Orowan,® and Fisher, Hart, and Pry.° 
These theories recently have been discussed by 
Hart,’ who pointed out that the experimental data 
available for comparison with theoretical calcula- 
tions for overaged alloys are confined to studies by 
Gensamer, Pearsall, Pellini, and Low,* Shaw, Sher- 
by, Starr, and Dorn,’ and some hitherto unpublished 
data on Cu-Cr alloys which will be described herein. 
Certain difficulties were associated with the inter- 
pretation of the first two studies. Gensamer, Pear- 
sall, Pellini, and Low* were concerned principally 
with interparticle spacing and did not document 
particle sizes. Shaw, Sherby, Starr, and Dorn’ in- 
cluded all the data in their report which was neces- 
sary for the theoretical evaluation, but their study 
is subject to some question” due to difference in 
prior history of various specimens and due to sys- 
tematic differences in particle characteristics*® which 
appeared to be associated with differences in the 
magnification of their microscopic examination. 
The current study was undertaken to obtain.criti- 
cal data in a manner which avoids some of these 
limitations. 
Specimens of eight Cu-Cr alloys remaining from 
a previous investigation” were available in the form 
of 100 mil sheet of the compositions shown in Table 
I. At 200 mil this material had been previously an- 
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Table |. Composition and Treatment of Alloys 


Average 

Diameter 
Alloy, Grain 

Wt Pct Cr Si Fe Cu Final Anneal Size, Mm 
0.00 0.01 0.01 99.97 Ye hr 400°C 0.016 
0.19 0.01 0.02 99.82 Ye hr 800°C 0.022 
0.34 0.01 0.02 99.64 ¥2 hr 800°C 0.016 
0.48 0.01 0.02 99.52 8hr 800°C 0.015 
0.61 0.01 0.03 99.39 8hr 800°C 0.018 
0.75 0.01 0.02 99.16 8hr 800°C 0.017 
0.95 0.01 0.02 99.01 24hr 800°C 0.016 
a5 0.01 0.03 98.77 24hr 800°C 0.018 


nealed % hr at 1000°C, water quenched, and cold 
rolled 50 pct. Samples were further cold rolled to a 
thickness of 20 mil for a total reduction of 90 pct. 

Sheet tensile specimens of standard geometry 
with a gage length 2% in. long and 0.20 in. wide 
were machined from this sheet. These specimens 
were then annealed in a dried N.-H, atmosphere for 
the times and temperatures indicated in Table I. 
This anneal served two purposes: 1—to obtain a 
fairly uniform and nearly constant grain size of 
0.015 to 0.022 mm average diameter, and 2—to 
precipitate a fairly uniform, nearly spherical over- 
aged dispersion of essentially pure chromium. A 
typical microstructure illustrating the grain size and 
the uniformity of the dispersion is shown in Fig. 1. 
A typical dispersion illustrating the range of sizes 
and shapes of the particles is shown in Fig. 2. 

The tensile specimens were tested in the Instron 
equipment described in ref. 11 at room temperature 
at a strain rate of 0.04 in. per in. per min. Three 
tests were run on each alloy with sufficient repro- 
ducibility that a single true stress-true plastic strain 
curve could be drawn through the three sets of 
data for each alloy. Typical curves are shown in 
Fig. 3. 
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Fig. 1—1.15 pct Cr-Cu 
etch. X250. 


alloy annealed 


The volume fraction of chromium present as pre- 
cipitate was calculated from the composition, assum- 
ing equilibrium at 800°C. The results are indicated 
in Table II under the symbol f. The number of par- 
ticles per square centimeter of area was counted 
from random micrographs at X6000. For each alloy 
four counts were made totaling at least 400 particles 
in each case. The accuracy of this count is consid- 
ered to be from 3 to 5 pct. The results are indicated 
in Table II under the symbol n. The equivalent 
mean planar radius of particles in microns was cal- 
culated from the particle count, assuming a uniform 
particle size, and is indicated in Table II under the 
symbol r. The particle radius in this case is, of 
course, derived data and assumes that the variation 
in the apparent particle size such as is shown in Fig. 
2-is a result of differences in the plane of observation. 


Results and Discussion 


There appeared to be no significant difference be- 
tween the yield strengths of the various alloys. 
Therefore, it was easily possible to evaluate the 
effect of the dispersions on the basis of the flow 
stress at a strain of 25 pct. 25 pct was chosen be- 
cause it is within the range of strain where the 
difference between the flow curves of the various 
alloys is essentially constant. These values are indi- 
cated in Table II and are plotted as a function of 
composition in Fig. 4. The solubility of chromium in 
copper at 800°C is 0.15 wt pct; and based on the 
interpolation in Fig. 4, the value of the flow stress 
for the saturated solid solution matrix was deter- 
mined as 41,300 psi. This value is considered to be 
accurate within 300 psi. 

The strengthening increment due to the dispersed 
precipitate at a strain of 25 pct is listed in Table II 
under the symbol o, and is plotted as a function of 
the volume fraction of precipitated chromium in 

Fig. 6 shows the relationship between the number 
of particles and the volume fraction of precipitated 
particles which suggests that, with the exception of 
the 0.34 pct Cr alloy, the number of particles was 
maintained fairly uniformly within about 10 pct. 
This plot suggests that the effect of additional 
chromium was to increase the size of the particles 
and to decrease slightly the number of particles, 

Hart’ has pointed out that, if as in this case there 
is no change in yield stress as a result of the dis- 
persed phase, the difference between the stress- 
strain curve of a solid solution matrix and the 
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Fig. 3—Stress-strain curve for copper, 0.48 pct Cr-Cu, and 1.15 pct 
Cr-Cu. 


44h 
a 
‘o 
z 
= 

3 
Ay 413 X10 psi, FLOW STRESS FOR SOLID SOLUTION MATRIX 
7 ° 
SOLUBILITY AT 800 © 
01 0.2 0.3 0.4 06 07 08 1.0 12 


WT. & Cr IN Cu 
Fig. 4—Flow stress at « = 0.25 as a function of chromium content 
in copper. Mean stress at 25 pct strain ys composition showing 
probable error of mean. 
stress-strain curve of the matrix with the dispersed 
precipitate should be essentially constant beyond 
the strain of about 10 pct. This prediction is based 
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Fig. 5—-Strengthening increment at « = 0.25 due to dispersed 
phase as a function of volume fraction of the dispersed phase. 


Table II]. Flow Stress and Precipitate Characteristics of Alloys 
Alloy, cate = 7,** 
WtPctCr 0.25 Psi Psi ft nt Microns 
0.19 41.6x103 0.3x108 0.516x10-3 9.246x108 0.042 
0.34 42.8x103 1.5x103 2.45 x10-3 12.04 x108 0.080 
0.48 43.2x108 1.9x103 3.74 x10 8.83 x106 0.116 
0.61 43.9x108 2.6x103 5.93 x103 8.58 x106 0.148 
0.75 44.3x108 3.0x103 7.73 x10 8.43 x106 0.171 
0.95 44.9x108  3.6x103 10.30 x10-3 7.69 x10® 0.207 
1.15 45.2x108 3.9x108 12.87 x10-3 6.76 x106 0.246 


* Hardening stress at e = 0.25 [ (o at e = 0.25) — 41.3x108]. 

+ Volume fraction of chromium as precipitate calculated from 
composition, assuming equilibrium at 800°C. 

tNo particles per square centimeter counted from random mi- 
crographs, X6000. 

** Radius of equivalent sphere which would have the same root 
mean square planar radius as the particles calculated from 


V3rnf/2. 


upon the theory of Fisher, Hart, and Pry,° which 
considers the strain hardening increment due to 
stresses from dislocation loops trapped around pre- 
cipitate particles. 

Fig. 7 shows a plot of a difference in the true 
stress between the alloys with a precipitate (0.48 
and 1.15 pet Cr) and the solid solution matrix alloy* 


* 0.19 pet Cr alloy contains a small amount of precipitate but is 
the closest measured alloy to the saturated solid solution alloy. 
Based on Fig. 5, the error involved in using this alloy as the base 
value is less than 300 psi. 


as a function of the true plastic strain. This differ- 
ence in flow stress is essentially constant beyond 15 
pet strain and is a function of the amount of pre- 
cipitate, as indicated in Fig. 5. 


Summary 


The flow characteristics of a series of Cu-Cr alloys 
have been investigated as a function of the amount 
and characteristic of the precipitate. Above about 
15 pet strain, the increment in the flow stress due to 
the precipitate is essentially constant and a function 
of the amount of precipitate. The results are en- 
tirely consistent with the theory of Fisher, Hart, 
and Pry’ as discussed by Hart.’ 
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Plastic Deformation of Germanium and Silicon by Torsion 


by Earl S. Greiner 


Germanium and silicon have been plastically deformed in torsion at elevated 
temperatures. Slip took place on the four {111} planes. Dislocations, revealed by 
etch pits on a {111} face, occurred in rows that were traces of operative slip planes. 


af HE plastic deformation of germanium and sili- 

con by bending and tension at elevated temper- 
atures has been reported by Gallagher.t Transla- 
tional slip during plastic flow in these materials, 
according to Gallagher’ and Treuting,? occurs on 
{111} planes. Recent work by Treuting® indicates 
the direction of slip to be <110>. The present paper 
describes the plastic flow characteristics of germa- 
nium and silicon deformed by torsion. 

Torsional deformation was accomplished by twist- 
ing %x'%4x2 in. specimens held in molybdenum 
grips and contained in an atmosphere of helium in 
a transparent quartz tube and heated by an exter- 
nal resistance furnace. The angular displacements 
were measured on a graduated circle with a pointer 
attached to the movable grip. Temperatures were 
measured with a chromel-alumel couple; the hot 
junction was within the quartz tube and in close 
proximity to the specimen. 

Photographs of samples of germanium and silicon 
twisted at 850° and 1180°C, respectively, are shown 
in Fig. 1. The germanium was twisted 230° per in. 
and the silicon 80° per in. These deformations are 
larger than those used in experiments to be de- 
scribed later and are presented only to emphasize 
the extensive plasticity of these materials. 


Germanium 
A single crystal specimen of germanium (n-type, 
7 ohm-cm resistivity) with a (111) plane normal 
within 3° of the torsion axis, Fig. 2, was chemically 
polished with CP-4 solution* and then twisted 9° 


* 15 cc HF, 25 ce HNOs, 15 cc HC2H3O2, and 3 to 4 drops of Bre. 


per in. at 600°C. After the deformation, the surfaces 
of the square specimen contained straight-line 
markings as shown schematically in Fig. 2. The slip 
lines in the (110) face are illustrated by the micro- 
graph in Fig. 3. Stereographic analysis showed that 
the slip lines 1 and 2 in the (110) face are traces of 
(111) and (111) planes, while slip lines 3 and 4 in 
the (112) face are traces of (111) and (111) planes. 
Thus, slip occurred on all four octahedral planes, 
but predominately on the one almost normal to the 
torsion axis. 

The slip lines from the (111) plane were observed 
only in the {110} faces. This suggests that plastic 
flow in the (111) plane consisted of slip in the [110] 
direction’ Several investigators*® have reported ex- 
perimental evidence of rotational slip about a nor- 
mal to the slip plane. If rotational slip had occurred 
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Fig. 1—Germanium and 
silicon plastically de- 
formed in torsion. a— 
Germanium, 850°C. b— 
Silicon, 1180°C. 


B 
during the twisting of these specimens of germa- 
nium, the slip lines from the (111) plane should 
have appeared in the four lateral faces instead of in 
only two. Perhaps the absence of rotational slip is 
brought about by the square cross-section. A cylin- 
drical specimen would have a more uniform stress 
distribution in torsion than one with a square cross- 
section, and may deform by rotational slip. 

A specimen of germanium (n-type, 5 ohm-cm re- 
sistivity) twisted less than 8° per in. at 550°C, was 
cut to expose the (111) face 19° 28’ from the tor- 
sion axis, Fig. 4a. This face, after metallographic 
AXIS 


-(V1T)FACE 


[101] 
Fig. 2—Sketch of crystal with a {111} plane normal to the torsion 
axis. 
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Fig. 3—Slip lines in a (110) face of germanium crystal twisted 9° 
per in. at 600°C. X150. Area reduced approximately 75 pct for 
reproduction. 


polishing and etching with CP-4 solution, showed 
an array of etch pits largely located in rows having 
[110] and [101] directions, Figs. 4b and c. The 
rows are on traces of the (111) and (111) slip planes 
in the plane of observation. Vogel, Pfann, Corey, 
and Thomas’ have shown that pits like these are 
formed when dislocation lines intersect such faces. 
Similar etch pits have been reported in germanium 
deformed by bending.* ° 

The density of pits varied; the maximum occurred 
near the surface at “a,” Fig. 4a. Fig. 4b is represen- 
tative of this area and has a measured density of 
about 12x10° per sq cm. Fig. 4c shows the pits at 
“b,” Fig. 4a; here the density is about 8x10° per sq 
cm. The portion of the germanium within the grips 
during the deformation was nearly free of pits, as 
would be expected, since this part of the specimen 
was not deformed. 

Silicon 

A single crystal of silicon (p-type, 6 ohm-cm re- 

sistivity), with the long axis nearly in a <001> di- 


TORSION 


fii] DIRECTION 


=- 


oi] DIRECTIONS IN THE (111) 
FACE,CONTAINING ETCH PITS 


Fig. 4—Dislocations revealed in the (111) face of germanium crystal 
plastically deformed in torsion. 
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TORSION AXIS 
APPROX [001] 


TORSION 
AXIS 


Fig. 5—Slip lines in two faces (nearly parallel to {110} planes) of 


silicon crystal twisted 8° per in. at 1000°C. Micrograph shows slip 
lines in face A. X100. Area reduced approximately 75 pct for 
reproduction. 


rection and the sides nearly parallel to {110} planes, 
was polished with a solution of HNO; and HF.* The 


* 20 ce HNOs and 5 cc HF. 


specimen was then twisted 8° per in. at 1000°C. Slip 
lines in two of the faces are shown schematically in 
Fig. 5, where a micrograph of the slip lines in face 
A is also included. Stereographic analysis showed 
that lines 1 and 4 are traces of the (111) plane, lines 
2 and 4 are of the (111) plane, and line 3 is of the 
(111) plane. The direction of slip lines 5 could be 
determined only approximately, but stereographic 
analysis indicates these lines are traces of the (111) 
plane. Thus, both in this specimen of silicon with 
the torsion axis nearly in a <001> direction and in 
the previous specimen of germanium with the tor- 
sion axis in a <111> direction, slip occurred on all 
four octahedral planes. 


Summary 


1—Germanium and silicon have been plastically 
deformed in torsion at elevated temperatures: the 


_Slip plane is {111}. 


2—If a {111} plane of a germanium crystal (hav- 
ing a square cross-section with {110} and {112} lat- 
eral faces) is almost normal to the torsion axis, slip 
appears to occur on this plane in a <110> direction. 
Slip also occurred on the three other {111} planes. 

3—Dislocations, revealed by etch pits on a {111} 
face, were observed in a specimen of germanium 
deformed by torsion. The pits occurred in rows that 
were traces of operative {111} slip planes. The den- 
sity of dislocations increased with the amount of 
deformation. In one of the more severely deformed 
areas, the dislocation density was about 10° per sq 
cm. 
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Technical Note 


Purification of Gallium by Zone-Refining 


by D. P. Detwiler and W. M. Fox 


[\ the course of research on semiconducting inter- 
metallic compounds, it became necessary to obtain 
gallium metal of greater purity that that available 
commercially. Several methods were considered 
for further purification, including acid leaching,’ 
fractional crystallization,® and zone-refining.** The 
method of fractional crystallization was discarded as 
being equivalent to zone-refining in purification but 
inefficient in material and time. Both acid leaching 
and zone-refining were tried, and the method finally 
adopted is a combination of the two. 

The acid leaching technique has been reported’ to 
produce gallium in which no impurities are detect- 
able spectroscopically. Although this method is very 
effective in removing oxides and surface contami- 
nants, semiconducting material made of gallium 
subjected only to leaching indicated little reduction 
in the concentration of metallic impurities. Zone- 
refining, however, appears very effective in remov- 
ing trace metallic impurities, but comparatively in- 
effective in removing the surface oxide film. Con- 
sequently, the method evolved consists of acid 
leaching to thoroughly clean the surface, followed 
by zone-refining to remove metallic impurities. 

The low melting point and relatively high thermal 
conductivity of gallium introduce some difficulty in 
maintaining frozen and molten zones in zone-refin- 
ing. To accomplish this, it is found necessary to 
reduce the effective ambient temperature by circu- 
lating ice water in coils about the regions that are 
to be kept frozen, while heat is supplied to the 
molten regions by resistance coils. The power sup- 
plied to the heating coils is regulated by a constant- 
voltage transformer and a variable autotransformer. 
Both heating and cooling coils are mounted on a 
transite base. The gallium ingot is held in a closed 
pyrex tube sliding inside the heating and cooling 
coils, the reciprocating method of Tanenbaum et 
al.t being employed to move the molten zones through 
the ingot at a rate of 2 in. per hr. This apparatus is 
shown in Fig. 1. 


Fig. 1—Gallium zone-refiner. The cooling coils are covered with 
asbestos. 
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Table |. Spectrographic Analysis 


Gallium Treatment Pb, Pct 
As-received 0.00X 
Acid leached 0.00X 
Purified end of zone melt 0.000 
16 cm from pure end of zone melt 0.000 
24 cm from pure end of zone melt 0.00X 
32 cm from pure end of zone melt 0.00X 


The results of a spectroscopic analysis’ of a zone- 
refined ingot, as well as of the material as-received 
and after acid leaching, are shown in Table I. The 
ingot was 32 cm in length, and received 37 molten- 
zone passes, the molten zone being about 4 cm long. 
The only impurity found was lead, the following 
elements being reported also as checked but not 
found in the pure material: Al, Sb, As, Ba, Be, Bi, B, 
Cd, Ca, Cr, Co, Cb, Cu, Ge, Au, Fe, Mg, Mn, Mo, Ni, 
Pt, Si, Ag, Na, Sr, Sn, Te, Ti, W, V, Zn, and Zr. There 
thus appears no indication of pickup of Al, Mg, or Si 
from the pyrex boat as reported by Zimmerman’ in 
his fractional crystallization. 

Thus it appears that definite removal of lead from 
gallium occurs during the zone-refining process. It 
also may be concluded that a more sensitive ana- 
lytical procedure than spectroscopy is required to 
evaluate quantitatively the purity of zone-refined 
metals. One such procedure which is proposed for 
use in the near future is the measurement of very 
low temperature resistivity. Although this will not 
identify the impurities present, it offers a very 
sensitive check of total impurity. 
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Study of a New Mode of Plastic Deformation in Zinc Crystals 


by J. J. Gilman 


Zinc monocrystals, when compressed nearly parallel to their basal planes (within 2°), 
deform in a new way; and certain deformation markings, called “.-bands,” are typical of 
this new mode. Characteristics of these »-bands are described. Mechanical behavior of low 
angle zinc monocrystals was investigated in some detail. Recrystallization did not occur 
upon annealing of u-banded specimens that were free of deformation twins. u.-Bands do 
not seem to be the result of nonbasal slip, but rather, a result of a microbuckling mechan- 
ism. -Bands differ qualitatively and quantitatively from ortho kink bands. A dislocation 
model, consistent with some of the features of u-bands, is described. 


HE plastic deformation of zinc monocrystals with 

slip planes (0001) nearly parallel to the stress 
axis was studied in this investigation. In a previous 
investigation, it was shown that some low angle zinc 
crystals (those with slip planes making angles of 
more than about 2.5+1° with the compression axis), 
deform by ortho kinking while others (those with 
slip planes making angles of less than 2.5+1° with 
the compression axis) deform in a new way.’ This 
new mode of deformation will be described in some 
detail here. Some of its striking features are: 1—it 
operates only for compressive stresses, 2—its tem- 
perature dependence is anomalous, and 3—it exhibits 
a new type of “yield-point’’ behavior. 

The mode of deformation to be discussed is not 
new in the sense that no previous evidence of its 
existence had been reported. The markings that it 
creates on the cleavage surfaces of zine crystals have 
been described by several investigators.** However, 
this is the first time that it has been made to operate 
under controlled conditions so that its response to 
mechanical variables, temperature, and aging treat- 
ments could be investigated and its geometry com- 
pletely described. 

Apparently, Jillson® as well as Holden* and Pratt* 
believed that the small bands they observed were 
simply small versions of ortho kink bands. In fact, 
two of these authors®° called the markings “micro 
kink bands.” In spite of the precedence, it is felt that 
this term is not entirely suitable because these bands 
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do not have the same genesis as kink bands, and they 
are qualitatively different in structure. As will be 
indicated by later discussion, the bands seem to be 
related to the tensile deformation bands observed in 
aluminum. The present author has chosen to call the 
bands “micro deformation bands,” or simply ‘‘y- 
bands,” and the deformation process, ‘‘u-banding.”’ 


Experimental Methods 

Crystals were grown from 99.999+ pct Zn ob- 
tained from the New Jersey Zinc Co. The details of 
the technique are given elsewhere.’ It should suffice 
to say that the crystals were seeded for orientation 
control, and precision pyrex tubes were used for 
molding them. About 40 crystals were used, yield- 
ing some 130 specimens. 

Fig. 1 illustrates the typical form of the specimens 
and shows how the orientation angles are defined. 
The crystal specimens were usually 134 in. long and 
about 150 mil in diameter. The angle between the 
slip or cleavage plane (0001) and the specimen axis 
is designated by x, while a is the angle between the 
maximum slope of the (0001) plane and the nearest 
close-packed direction [1210], varying from 0° to 30°. 

The crystals were cut into specimens with a jew- 
eler’s saw and the ends were squared by filing (speci- 
mens held in V-block). Crystals of this orientation 
are stiff toward bending, so this procedure intro- 
duced only deformation localized at the ends. Then 
the specimens were polished either chemically in 50 
pet HNO, or electrolytically in 20 pct chromic acid. 

The mechanical tests were made with an Instron 
testing machine. This machine weighs by means of 
electric strain gages on elastic bars and is quite stiff, 
since the full-load deflection of its load cells is at 
most 0.002 in. Most of the testing was done at a 
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crosshead speed of 0.002 in. per min and a recording 
chart speed of 1 in. per min, giving a strain magni- 
fication of X500. 

Two compression jigs were used (shown schemat- 
ically in Fig. 2). Jig a was used for room tempera- 
ture testing. It has high precision bronze bearings 
which result in rigid axial motion of its crosshead. 
Jig b was used for the high and low temperature 
tests. Its bearings are rather loose because they had 
to operate freely without lubrication. It was found 
by experience that this did not appreciably affect 
the results. 

High temperatures (to 200°C) were obtained by 
immersing jig b in hot silicone oil and low tempera- 
tures by means of baths of ice water, dry ice-acetone, 
liquid nitrogen, and Freon 12. No attempt was made 
to control the temperature more closely than +2.5°C. 

Standard microscopic and X-ray methods were 
used for examining the crystals. The orientations of 
the crystals were found by the Greninger back- 
reflection technique with an accuracy of +1%°. 


Results 

Mechanical Tests—Introduction: For borderline 
orientations (x. near 2.5°), one specimen of a given 
crystal sometimes formed an ortho kink while an- 
other did not. This presented an opportunity for 
comparing the stress-strain curves characteristic of 
the two modes of deformation, ortho kinking and 
p-banding. Fig. 3 contains a typical comparison. 

The initial parts of the two curves of Fig. 3 are 
the same. Both specimens yielded at about the same 


Fig. 1—Geometry 
of zinc monocrys- 
talline specimens. 


TRANSACTIONS AIME 


Fig. 2a—Compies- 
sion jig for room 
temperature tests. 


Fig. 2b—Compres- 
sion jig immersible 
for low and high 
temperature test. [ 


load, 0.28 kg per sq mm, but immediately thereafter 
the load rose most rapidly for the specimen that did 
not kink (curve A). The load continued to rise for 
the unkinked specimen to a much higher maximum 
value than the maximum load for the specimen that 
kinked. 

Curve A in Fig. 3 is typical for specimens that de- 
formed by uw-banding. It was found that the yield 
points of the curves were not reproducible under the 
present test conditions. However, the curves were 
linear at small strains and the slopes of the linear 
portions of the curves were found to be reproducible. 
Therefore, this characteristic, A, or the plastic mod- 
ulus, was chosen as the strength parameter. The 
plastic modulus was determined with the aid of im- 
mediate reload curves that were run after each test. 
These curves indicated the elastic strain in the speci- 
mens plus the strain in the machine up to the last 
plastic load. This nonplastic strain was subtracted 
from the original curves, and the slopes of the de- 
rived curves gave the plastic moduli. For curves 
without yield points, the plastic moduli were taken 
at stresses of about 2 kg per sq mm to further insure 
comparative conditions. 
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Fig. 3—Comparison of the load-compression curves for the two 
modes of deformation that are exhibited by low angle zinc crystals 
Xo = 2° and a = 7°. Curve A is u-banding; B, ortho kinking. 


Fig. 4—Typical 
plastically buckled 
crystal. 


Another important characteristic of the load- 
compression curves is the maximum load supported 
by a specimen. The maximum in the stress-strain 
curves is a consequence of plastic buckling (illus- 
trated by Fig. 4). It is inversely proportional to the 
specimen length and depends on the crystal orienta- 
tion angle a and on the testing temperature. The 
plane of buckling also depended on «a. In crystals 
with a = 0, it contained the specimen axis and the 
hexagonal axis. The maximum or buckling stresses 
are reported here for the sake of completeness al- 
though the buckling behavior of the crystals will not 
be discussed in detail. 

Orientation Effects: The stress-strain curves for 
low angle zinc crystals depended markedly on the 
orientation angle a. (Little effect was noted for x, 
as long as it was less than 2°.) When a = 0 so that 
a close-packed direction in the crystal was nominally 
parallel to the compression axis, the crystals were 
considerably softer than when a = 30° (so that two 
close-packed directions make equal angles with the 
compression axis). Fig. 5 shows the variation of the 
plastic modulus, A, and the buckling stress with a. 
It may be seen that the plastic modulus varied by 
a factor of almost 4X as a changed from 0° to 30°. 
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Fig. 5—Effect of orientation angle, a, on the plastic modulus 
at RT. (xo~0° for all crystals.) 


The extremely high strain-hardening rate becomes 
evident when it is recalled that the elastic modulus 
for zinc is about 12x10* kg per sq mm. 

Effect of Temperature: Typical stress-strain curves 
for crystals compressed at various temperatures are 
presented in Fig. 6, and the characteristics of the 
curves are plotted in Fig. 7. The two figures (6 and 
7) clearly indicate the rather complex temperature 
dependence of the deformation process. First, the 
plastic modulus decreased considerably with decreas- 
ing temperature (below —80°C, the slope of the 
curve after the yield point was taken as the plastic 
modulus). This softening with decreasing tempera- 
ture seems anomalous in comparison with the tem- 
perature dependence of slip in zine.“ Second, the 
yield stress rose rapidly with decreasing tempera- 
ture in the range —80° to —196°C, and at about 
—150°C a definite yield point with a drop in load 
appeared. Finally, at both ends of the temperature 
range, ortho kinking was observed. It occurred in 
all of the crystals tested at —196°C and erratically 
when the temperature was raised to 165° to 185°C. 
The dotted curves show the probable course of the 
solid curves if kinking had not intervened. 

Prestrain and Strain-Aging Tests: It was believed 
that the observed increase of strength with increas- 
ing temperature might have been caused by a strain- 
aging mechanism analogous to the one that operates 
in the blue brittle range of steel. Several sequences 
of aging and testing were performed in order to test 
this possibility. The results of these tests were partly 
negative, inasmuch as they showed no evidence of 
conventional strain aging, but they did lead to an 
interesting new result. 

It was found that prestrain at 25°C produced a 
yield-point phenomenon at a lower temperature 
(—80°C) and that the yield-point elongation de- 
pended on the amount of high temperature prestrain. 
This is illustrated by Figs. 8 and 9. A clear yield 
point was produced at —80°C by prestraining a virgin 
crystal at 25°C; see curves a, b, and c. Curves d 
and e show that aging at 25°C either after some 
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strain at —80°C or some strain at 25°C caused no 
unusual behavior. The shapes of the curves differed 
somewhat; that is all. Note that the yield stress at 
25°C was appreciably higher than the highest prior 
stress at —80°C. This confirmed the shape of the 
plastic modulus curve in Fig. 7. The loadings indi- 
cated by curves f and h were performed in order to 
investigate further the influence of the amount of 
high temperature strain on the low temperature 
yield-point elongation. Curve f represents a strain 
of about 0.055 pct, whereas curve h shows a strain 
of 0.006 pct. Curve g (following f) shows greater 
yielding than curve i (following h), but the respec- 
tive yield-point elongations are not directly propor- 
tional to the amounts of prestrain. 

After tests had established that no aging treat- 
ments but only prior prestrain at 25°C would pro- 
duce a yield point at —80°C, some tests were per- 
formed in order to see what was happening during 
the “‘yield-point elongation” portions of the curves. 
Fig. 9 presents typical results. The technique was 
to partially unload a crystal during the course of a 
test. Curves a and b of Fig. 9 show that this had 
little effect at either 25° or —80°C when the yield 
point was absent. At 25°C there was an increase in 
the yield stress after partial unloading, but this was 
small. On the other hand, curve c shows a distinct 
effect when the crystal was partially unloaded dur- 
ing yielding. The effect was to create a new yield 
point. It was shown that the effect was caused by 
unloading alone and not by the amount of unloading. 
This was done by stopping the tensile machine’s 
crosshead for the same length of time as that re- 
quired for the unloading treatment. For both cases, 
the effect was the same (curve c). It can be seen 
from curve c that partial unloading while the speci- 
men was deforming at constant stress only produced 
another yield point. As the stress rose above the 
yield-point value, the effect of partial unloading be- 
came small although the yield stress, after partial 


n 


-196°C 
= 
= = 
N4 = 4 
g 
2 KINK Po 
(0) 2 fo) 2 
% COMPRESSION % COMPRESSION 
12 
-80°C 
= 8, 28 
~ 
g 
<6 
5 
2 2 
% COMPRESSION % COMPRESSION 
+ 102°C 
=4 
\ 
g 
ne 
wo 


| 
% COMPRESSION 


Fig. 6—Compressive stress-strain curves for crystals tested at 
various temperatures (nominal orientation was Xo = 0° and 
a = 0° for all crystals.) 
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unloading, was always slightly higher than before. 

Finally, a test was run to see whether the pre- 
strain effect would disappear upon 25°C aging. To 
do this, the specimen was strained at 25°C (curve 
d), held for 16 hr at 25°C, and then cooled and re- 
loaded at —80°C (curve e). The aging treatment 
did not eliminate the low temperature yield point. 
It did have a striking effect on the value of the yield 
stress, however. At about the same stress level, the 
difference between the final stress at 25°C and the 
yield stress at —80°C was about 6 pct, when the 
aging time at 25°C was as small as possible, com- 
pared with 44 pct change in stress for an aging time 
of 16 hr. 

Effect of Strain Rate: In order to determine the 
effect of increasing the strain rate 10X at 25°C, a 
test was run at a crosshead speed of 0.02 in. per min 
and compared with a test on a piece of the same 
crystal run at the usual speed of 0.002 in. per min. 
The chart speed was increased to 10 in. per min to 
keep the magnification constant. The effect was a 
small decrease in the plastic modulus. This provides 
further evidence of the absence of appreciable strain 
aging. 

Effect of Annealing: Annealing treatments were 
given to some of the crystals for three reasons: 1— 
to determine the effect on the stress-strain curves, 
2—to see whether there was a marked change in 
length during annealing, and 3—to find out whether 
the crystals would recrystallize. 

The effect of annealing on the stress-strain curve 
was to cause complete recovery to the initial state. 
Specimens were loaded up to 4 and 8 kg per sq mm 
at room temperature, unloaded, and then heated at 
350°C for 30 min. After they had been repolished 
to remove the oxide film, they were reloaded at room 
temperature. The stress-strain curves obtained after 
annealing were essentially the same as the initial 
stress-strain curves. Thus, the crystals seemed to 
have completely recovered to the initial state during 
the anneal. 
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Fig. 7—Characteristics of the stress-strain curves of compressed 
zinc crystals as a function of temperature (nominal orientation was 
x0 = 0° and a = O° for all crystals). 
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Annealed crystals were examined microscopically 
before and after etching for signs of recrystallization. 
None were found. 

The length change produced by annealing was 
small. In a crystal compressed 0.25 pct at room tem- 
perature, the length increased less than 0.01 pct 
during 30 min at 350°C. 

Effect of p-banding on Ortho Kinking: It was 
pointed out under “Effect of Temperature” that the 
present crystals deformed by forming p-bands at 
room temperature, but at —196°C they formed ortho 
kink bands. All of the more than two dozen speci- 
mens that were tested at —196°C exhibited ortho 
kinking. No evidence of »-bands was found for such 
specimens. Thus, n-banding seems to be suppressed 
by lowering the temperature to —196°C. This was 
investigated further by preloading two crystals at 
room temperature to 3 kg per sq mm and then re- 
loading them at —196°C. Whereas ortho kinking 
would ordinarily have occurred with a maximum 
load of about 1.7 kg per sq mm at —196°C, kinking 
occurred at 7.0 to 7.7 kg per sq mm after the room 
temperature preloading. Thus, the maximum kink- 
ing load changed by 4.5X and was 4.7 kg per sq mm 
higher than the preload. 

The above results are summarized graphically in 
Fig. 10. Note that very little deformation, in addition 
to the prestrain, occurred in specimen C prior to 
kinking. This indicates that little »-banding occurred 
at —196°C. 

Two conclusions result from these experiments: 
1—,-banding is suppressed by lowering the tem- 
perature to —196°C, apparently because the yield 
stress rises sufficiently that ortho kinking occurs 
instead; and 2—the formation of »-bands suppresses 
ortho kinking. 

Tensile Tests: It was stated in “Introduction” that 
one of the peculiarities of the new mode of deforma- 
tion is that it operates only in compression. This was 
demonstrated by tensile tests made on specimens 
taken from the same crystals that were used for 
compression tests. The tensile tests showed only 
elastic deformation up to loads that produced twin- 
ning, that is, up to 3.7 kg per sq mm. Bell and Cahn’ 
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Fig. 8—Effect of prestrain at 25°C on yielding at —80°C in crystal 
140a. x, = 0° and a=0°. Curve a is first loading at 25°C of 
virgin crystal; curve b, immediate reload at 25°C; curve c, speci- 
men immediately cooled to —80°C and reloaded; curve d, speci- 
men heated to 25°C, held 1 hr, reloaded at 25°C; curve e, speci- 
men held 1 hr more at 25°C and reloaded at 25°C; curve f, speci- 
men immediately reloaded at 25°C; curve g, specimen immediately 
cooled to —80°C and reloaded; curve h, specimen heated to 25°C, 
held Y2 hr, and reloaded at 25°C; and curve i, specimen immedi- 
ately cooled to —80°C and retested at —80°C. 
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Fig. 9—Yielding phenomena: effect of test interruptions and effect 
of aging after room temperature prestrain. Crystal 140d. xo = 0° 
and «=0°. Curve a is first test at —80°C; curve b, specimen 
heated to 25°C, held 2 hr, reloaded at 25°C; curve c, specimen 
immediately cooled to —80°C and reloaded; curve d, specimen 
heated to 25°C, held 1% hr, and reloaded at 25°C; and curve e, 
specimen held 16 hr at RT, cooled to and reloaded at —80°C. 


have observed tensile twinning stresses in zinc as 
high as 5.7 kg per sq mm without prior plastic de- 
formation. These stresses are considerably higher 
than the 0.2 to 0.3 kg per sq mm required to start 
plastic deformation in compression. 

Further evidence that »-bands form only in com- 
pression was found in bend tests on polished speci- 
mens or cleavage flakes. Microscopic examination 
readily showed p-bands on the compression surfaces 
of bent crystals, but none on the tension surfaces. 
(See also ref. 5.) 

Compression Followed by Tension: Special grips 
were attached to several specimens so that they 
could be compressed and subsequently pulled in 
tension. The grips, which enabled this to be done 
with a minimum of handling between the tests, are 
illustrated in Fig. 11. These tests had two purposes: 
The primary purpose was to obtain further infor- 
mation about the mode of deformation. There was 
also some interest in seeing what effect, if any, 
p-banding might have on the stress required for 
twinning. 

Fig. 11 indicates typical results. The first tensile 
test, curve a, was made in order to show the absence 
of tensile deformation in a virgin crystal. Curve b 
shows the plastic deformation produced in compres- 
sion of the same crystal. Curve c shows that pulling 
the previously compressed crystal caused it to de- 
form plastically up to a stress of roughly half the 
highest compressive stress. Then the crystal stopped 
deforming until it finally twinned at a tensile stress 
of about 5.7 kg per sq mm. The amount of strain 
that was recovered in the tensile test was approxi- 
mately equal to the strain produced by the previous 
compression test. 

None of the tests indicated any marked effect of 
prior compression on the tensile twinning stress. 
Certainly it was not lowered by prior compression, 
and it may have been raised somewhat. 

Yield-Point Tests: The possibility existed that the 
yield point at —150°C and the yield point produced 
by prestrain were somehow related to the conven- 
tional impurity yield point that is observed in zinc.® 
Therefore, tests were made on crystals with xy = 35° 
that had been grown in the same manner as the low 
angle crystals. The tests were made in tension and 
slip was the deformation mode. Wain and Cottrell® 
showed that a minimum strain-aging treatment of 
9 hr at room temperature could result in a yield 
point in impure zinc crystals. Room temperature 
strain-aging treatments up to 48 hr were tried in 
this investigation. No yield points resulted. Then a 
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more severe test was tried. A crystal was strained 
at room temperature, aged in the testing machine 
for about 64 hr at room temperature, and tested at 
—196°C. No yield point was observed. 

It was concluded that no conventional impurity 
yield point could be found for the present crystals, 
and the yield that appeared at about —150°C must 
be accounted for in some other way. 

End-Effects: In order to check on the importance 
of the method of loading at the ends of the crystals, 
specimens that had their ends soldered into brass 
cups were compressed. The load was applied to 
the ends of the cups. The plastic moduli for such 
specimens were the same as for specimens with free 
ends. It was concluded that the details of the load- 
ing method were not essential in obtaining the re- 
sults described in this report. 

Surface Markings—Ezxternal Surfaces: During 
compression of the low angle zinc crystals, markings 
appeared on their polished surfaces. Examples of 
these markings, called »-bands, are shown in Fig. 12. 
Many experiments were performed in an attempt to 
identify these markings. 

At best, the »-bands were difficult to see. They 
could be seen under the microscope only at rela- 
tively low magnifications such as X100. At X400 
they began to fade away, and at X1000 they could 
not be seen at all. The lowest stress at which they 
could be detected was about 2 kg per sq mm. They 
could be seen somewhat more easily in specimens 
deformed at low temperatures than in those de- 
formed at higher temperatures. 

The topography of the bands was investigated by 
means of microinterferometry. This confirmed the 
wavy contour of the surface indicated by ordinary 
microscopy, but it gave little additional information. 

The geometry of the bands was investigated by 
holding crystals in a goniometer under a microscope 
equipped with a graduated rotating eyepiece. The 
angles that the w-bands made with the cross-sec- 
tional planes were plotted as a function of position 
on the crystal surface. It was found, for crystals 
with a = 0, that: 1—The bands were elliptical. 2— 
The bands made an angle of 0° with the cross-sec- 
tional plane where the hexagonal axis intersected 
the surface. 3—-Where the diametric basal plane 
(0001) intersected the surface, the bands disap- 
peared. Adjacent to these points, the angles with the 
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Fig. 10—Load-compression curves showing the effect of tem- 
perature on kinking and 1-band formation. xo = 
and a = 6°. Curve A is room temperature test; curve B, 
liquid nitrogen test; and curve C, preloaded to 3 kg per sq 
mm at RT, then tested in liquid nitrogen. 
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Fig. 11—Effect of compression on a subsequent tensile test of 
crystal 148b. x, = 1° and a= 0°. Curve a is tensile test of virgin 
crystal; curve b, compression test immediately after test of curve 
a; and curve c, second tensile test immediately after test of curve b. 


cross-sectional planes were a maximum. 4—The 
maximum angles that the p-bands made with the 
cross-sectional planes varied from 28° to 32°. 5— 
The spacing of the bands was about 3x10* cm. The 
geometry of the »-bands that may be readily de- 
duced from foregoing observations is indicated in 
Fig. 13. Here 8 is defined as the angle between the 
hexagonal axis and the plane of the p-bands. 

It was found that one set of bands was present 
only for small strains (less than about 0.4 pct). For 
larger strains, two sets of u-bands usually were ob- 
served in crystals with a = 0. When a = 30°, as 
many as four sets of markings were observed with a 
more complex geometrical arrangement than that 
described previously. 

Many attempts were made to detect rotation or 
movement of the »-bands as deformation progressed. 
These failed. This was somewhat disappointing but 
not surprising, since the strains were always less 
than i pet and 6 could not be measured more accu- 
rately than +1°. Furthermore, 8 was measured 
after deformation at various temperatures. No vari- 
ations with temperature were detected. 

It should be pointed out that markings indicative 
of basal slip were sometimes observed at low strains. 
As the strain was increased, these bands tended to 
disappear, so that only p-bands could be seen at 
strains of about 0.7 pct. 

Cleavage Surfaces: Markings also were observed 
on cleavage surfaces (Fig. 12). In one experiment, 
a crystal was cut into several pieces and the pieces 
were loaded to 0, 1, 2, 4, 6, 8, and 10 kg per sq mm. 
After their outer surfaces had been examined mi- 
croscopically, the specimens were cleaved in liquid 
nitrogen and their cleavage surfaces were examined. 

In another experiment, a small piece was cleaved 
off one end of a specimen. The small area of exposed 
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a—Crossed bands on surface of buckled 
crystal. 


b—Crossed bands on surface of crystal 
deformed at —80°C. 


c—Bands on cleavage surface (cleaved 
after compression); u-bands yery faint. 


Fig. 12—Example of -bands on the surface of zinc crystals. X100. Area reduced approximately 25 pct for reproduction. 


cleavage surface was examined after the specimen 
had been loaded. 

In the first experiment (cleavage after deforma- 
tion), two things were noted: The specimens became 
increasingly difficult to cleave as the load was in- 
creased, and bands could be seen on the cleavage 
surfaces which corresponded in size and orientation 


(90° to [1210] direction) to the bands on the outer 
surface (see Fig. 12.). However, the bands on the 
outer surfaces could be seen after much lower loads 
than those on the cleavage surfaces, and they were 
more uniform. In the second experiment (cleavage 
before deformation), the cleavage surface bands had 
the same orientations as before, but they could be 
seen more readily. 

X-ray Studies—In one of the X-ray experiments, 
a specimen was loaded repeatedly to higher loads 
starting at 1 and progressing through 2, 3, 4, 5, 7, 
and 8 kg per sq mm. After each loading, a back-re- 
flection Laue photograph was taken at the same 
spot on the surface of the specimen. The spot was 
chosen so that a reflection from the (0001) plane 
was obtained. Although the Laue spots became in- 
ternally subdivided as the load was raised, no aster- 
ism was observed until the load became 7 kg per sq 
mm and the specimen began to buckle (giving 
macroscopic curvature). 

The Laue patterns were also examined for changes 
in the positions of the spots because these would be 
expected if the specimen had deformed by slip. No 
significant shifts could be found. 

Oscillating crystal photographs were also made 
for CuKa reflections from the (0002) planes. These 
photographs differed only slightly between the un- 
deformed and the deformed crystals. 

In short, ordinary X-ray methods showed the ex- 
istence of a fine structure in the deformed crystals, 
but they were incapable of resolving it clearly. 


Discussion 


It is believed that »-band formation is an impor- 
tant deformation mode in zine and probably in other 
crystals. The bands may be seen readily in de- 
formed polycrystals and hence are not peculiar to 
monocrystals. They inhibit ortho kinking, which in- 
dicates that they inhibit slip. There is some evi- 
dence that they also increase cleavage strength, and 
this may be one of the mechanisms by which pre- 
strain affects cleavage fracture.’ 

At first it was thought that the present mode of 
deformation might simply consist of slip on nonbasal 
planes. However, this interpretation now seems to 
be untenable. Instead, it is believed that u-banding 
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is a form of microscopic buckling. The reasons for 
this interpretation are as follows: 

Geometry: The only slip system that is consistent 
with the observed surface markings (Fig. 13) is the 


(1011) plane and the [1012] direction. This seems 
a highly unlikely system. On the other hand, the 
bands intersect the (0001) slip plane along the 
[1010] direction that is 90° to the [1210] slip direc- 
tion. They make angles with the hexagonal axis of 
28° to 32°. Thus, their geometry resembles that of 
tensile deformation bands (see Cahn,” for example), 
except that their angle with the hexagonal axis 
about 10° greater than the corresponding angle for 
tensile bands. They also differ from tensile deforma- 
tion bands in their size; n-bands are about 
cm in width, which is about ten times less than the 
width of tensile deformation bands in aluminum. 

Absence of p-Banding in Tension: This is a very 
strong argument against the nonbasal slip inter- 
pretation. There is no reason for expecting slip to 
depend on the sense of the normal stress across the 
slip planes. Again, however, the absence of »-bands 
in tensile deformation is just what would be ex- 
pected if microbuckling were the deformation mode. 

Strain Recovered in Tension: Fig. 11 shows that 
strain can be recovered from a pw-banded specimen 
by pulling it in tension. The recovery begins at ten- 
sile stresses that are small compared with the high- 
est previous compressive stress. This cannot be ex- 
plained as a Bauschinger effect or by thermal re- 
laxation. However, it is consistent with the straight- 
ening out of buckled regions of a crystal, but it 
would not be expected for a slip process. 

It is believed that the present »-bands are the 
same thing as the “micro kink bands” observed by 
Holden® and by Pratt. They have the same general 
appearance and their sizes are comparable. Holden 
states his bands were about 3.8x10“* cm wide and 
0.09x10*° cm high. He says the kink angle was 
about 1.4°. 

Although the rotations in the p-bands were not 
measured in the present work, the maximum rota- 
tion angle given by a simple calculation was about 
6.5° and the heights were calculated to be about 
0.3x10% cm. These figures, which are not greatly 
different from Holden’s measured values, were ob- 
tained by considering the deformed specimens to be 
buckled into a sine-wave shape on a fine scale. Then 
it was assumed that the length of the sine wave 
must be equal to the undeformed length of the 
specimen. 

Pratt’ presented a small amount of evidence show- 
ing that the “micro kink bands” that he observed on 
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cleavage flakes lay in planes parallel to the hex- 
agonal axis (that is, 8 = 0). This may be true for 
very thin specimens, but 8 was never equal to zero 
for the present specimens. 

The term “micro kink bands” seems to be inept 
to this author because there is a qualitative as well 
as a quantitative difference between y-bands and 
ortho kink bands. This is indicated by the differ- 
ences in the geometry of the two types of band, by 
the fact that ortho kink bands and y-bands are 
sometimes competitive deformation modes, and by 
the very large size difference—a factor of 10° to 10°. 

Although the detailed structure of the »-bands is 
unknown, the dislocation model that Hart” proposed 
for tensile deformation bands represents some of 
their features. In Fig. 14 this model is compared 
schematically with the model for ortho kink bands 
that Hess and Barrett proposed.” In the model for 
ortho kink bands (Fig. 14), the dislocations are 
closely spaced in walls that are widely separated; 
but in the model for p-bands (Fig. 14b), the disloca- 
tions appear in closely spaced pairs that are sepa- 
rated in walls. Depending on the types of pairs, the 
bands have one of two inclinations with respect to 
the slip plane. These correspond to the two observed 
orientations of y-bands. The density of excess dis- 
locations in a specimen compressed 1 pct is esti- 
mated (from the average lattice curvature) to be 
10” lines per sq cm. Although it is not clear how the 
dislocations might have become arranged as in Fig. 
14b, the model seems to warrant some consideration 
for two reasons: First, the model is consistent with 
the experimental observations. Second, the experi- 
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Fig. 14—Schematic dislocation models. 


mental conditions (blocked ends of the specimens, 
no macrobending) require excess dislocations of 
both signs to exist within the crystals after com- 
pression; and of the few possible arrangements that 
these might assume, the one of Fig. 14b is the only 
one that fits the present observations. 

Since the details of the deformation mechanism 
can only be guessed, not much can be done to inter- 
pret the orientation and temperature dependence of 
the plastic modulus. The shape of the curve for the 
plastic modulus vs a (Fig. 5) cannot be reduced 
simply by resolving the stress along an appropriate 
direction. The curve indicates rather that an inter- 
action effect causes much of the strengthening as 
30°. 

It has been shown that the temperature depend- 
ence of the plastic modulus (Fig. 7) seems not to be 
caused by a strain-aging effect. The next interpreta- 
tion that comes to mind is that the plastic modulus 
might decrease with decreasing temperature because 
of a change in the anisotropy of the elastic constants 
of zinc with temperature. However, the author does 
not know how the elastic constants of zinc mono- 
crystals vary with temperature. 

The increase of the yield stress for »-banding as 
the temperature decreased below —80°C remains 
completely unaccounted for. Nevertheless, the fact 
that the yield stress does increase explains why 
kinking was observed for the specimens tested at 
—196°C. w-Banding inhibited kinking at the higher 
temperatures (Fig. 11), but the yield stress for 
p-banding became so high at —196°C that kinking 
occurred instead. 

Apparently, an acute competition between kink- 
ing and p»-banding exists in zinc crystals. This is 
indicated by the sharp change in the deformation 
mode as x varies by 1° or less in the range, 2° to 3°. 

A partial interpretation can be made of the yield 
point that was observed at —80°C for specimens 
prestrained at 25°C. It is believed that a configura- 
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tional complex was created by the high temperature 
deformation (partial local buckling, perhaps), which 
could proceed to deform more easily at the low 
temperature than if the temperature had remained 
high. This interpretation contrasts this yield-point 
phenomenon with the usual type which involves a 
“locking mechanism.” The evidence is: first, the 
yield-point elongation depended on the amount of 
prestrain as well as on its existence; and, more im- 
portant, aging 16 hr at 25°C after prestraining 
caused no essential change in the yield-point elonga- 
tion at —80°C, even though the yield-point stress 
was markedly decreased (Fig. 9, curves d and e). 

The secondary yield points that were observed 
after partial unloading during yielding at —80°C 
(Fig. 9) indicate the nonhomogeneous nature of the 
process. The interfaces between yielded and un- 
yielded material must have stopped moving upon 
partial unloading, and a small over-stress was re- 
quired to restart them. 


Summary 


It has been shown that zinc monocrystals, when 
compressed nearly parallel to their basal planes 
(within 2°), deform in a new way. Certain deforma- 
tion markings, called p-bands, are characteristic of 
the new mode of deformation. These p-bands have 
the following characteristics: 

1—They are first observable at compressive 
stresses of about 2 kg per sq mm. 

2—In crystals with the orientation x, = 0°, a = 0°, 
they lie in a plane of the [1010] zone which is 90° 
to the compression axis and they make an angle £ of 
28° to 32° with the normal to the (0001) plane. 

3—In a crystal that is compressed about 1 pct, 
they are spaced about 3x10~ cm apart. 

4—For crystals with a = 0, two sets of bands dis- 
posed symmetrically about the compression axis are 
observed. When a= 30°, as many as four sets of 
bands may be seen. 

5—The bands do not move perceptibly during de- 
formation, and their geometry is independent of the 
deformation temperature. 

6—The bands may also be observed on cleavage 
surfaces where they lie 90° to the compression axis. 

7—The fine structure indicated by the bands could 
not be resolved by means of ordinary X-ray tech- 
niques. 

The mechanical behavior of low angle zinc mono- 
crystals was investigated in some detail. The fol- 
lowing points were established: 

1—The plastic modulus (slope of the stress-com- 
pression curve) depends markedly on the orienta- 
tion angle a. It goes from ~780 to 2650 kg per sq 
mm as a goes from 0°to 30°. 

2—The plastic modulus (at a=0°) varies 
strongly with temperature, going from ~270 to 1370 
kg per sq mm as the temperature increases from 
—100° to +100°C. This increase in strength with 
increasing temperature seems anomalous. 

3—The yield stress in compression is small for 
these crystals at temperatures above —80°C. It 
rises very rapidly with decreasing temperature be- 
low —80°C. 

4—At —196°C, as well as at temperatures above 
about +150°C, »-bands do not form when zinc crys- 
tals are compressed; rather, they deform by kinking. 

5—At temperatures near —150°C, a definite yield 
point is observed for the compression of low angle 
zinc crystals. No yield point is observed in crystals 
of the same composition but deformed by basal slip. 
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Thus, the present yield point does not seem to be 
caused by dissolved gases. 

6—Prestrain at 25°C induces a yield point for 
subsequent deformation at —80°C. Aging alone has 
no effect. The magnitude of the yield-point elonga- 
tion at —80°C depends on the amount of prestrain. 
Aging at 25°C after prestraining does not remove 
the yield point at —80°C. 

7—Prestrain at room temperature inhibits kinking 
at —196°C. 

8—-u-Bands do not form when crystals with 
x. = 0 and a= 0 are pulled in tension. Such speci- 
mens deform elastically until the stress becomes 
high enough for twinning. The twinning stresses 
are 5 to 10X higher than the stress required for 
u-bands to form in compression. 

9—If a specimen is pulled in tension after it has 
been stressed in compression, it begins to elongate at 
a low stress and the compressive strain can be 
largely recovered. The compressive prestrain does 
not lower the stress for twinning and may raise it 
slightly. 

10—Annealing at 350°C for 30 min causes sub- 
stantially complete mechanical recovery. 

Recrystallization did not occur upon annealing of 
uw-banded specimens that were free of deformation 
twins. 

It is believed that u-bands are not the result of 
nonbasal slip. They seem to be a result of a micro- 
buckling mechanism. They are qualitatively as well 
as quantitatively different from ortho kink bands. 
A dislocation model that is consistent with some of 
the features of the »-bands is described. 
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Technical Note 


Isothermal Austenite Grain Growth 


by H. B. Probst and M. J. Sinnott 


ie extensive survey of the factors which affect 

austenite grain growth has already been made. 
These factors are temperature, time at temperature, 
rate of heating, initial grain size, hot-working, alloy 
content, and rate of cooling from the liquidus-solidus 
temperature. In the present work, a vacuum-melted 
electrolytic iron was used and the variables studies 
were temperature, time at temperature, and prior 
ferrite grain size. Other factors were maintained con- 
stant. 

The iron used in this study was vacuum-melted 
electrolytic iron of nominal composition of impur- 
ities of 0.07 wt pct. It was supplied as a % in. round 
cold-drawn bar. This iron was tested in three condi- 
tions: as-received, annealed 6 hr at 1200°F, and 
annealed 6 hr at 1600°F. Samples were \% in. disks 
cut from the bar. The prior anneals were carried 
out in vacuum and the isothermal treatments were 
carried out in vacuum-sealed Vycor tubing. 

The thermal etch technique was employed to deter- 
mine the austenite grain size. Prior to sealing the 
test specimens, one surface of the sample was pol- 
ished metallographically. This surface, after heating, 
was examined to determine the austenite grain size, 
since the austenite boundaries.are revealed by ther- 
mal etching. This is essentially the only technique 
available for measuring the austenite grain size of 
low carbon steels or pure irons without altering the 
composition. It has been shown to yield results that 
are in agreement with other methods used for deter- 
mining austenite grain sizes.” The specimen size was 
quite large compared to the grain size measured, so 
inhibition of growth due to size effects is probably 
negligible. 

After vacuum sealing, each sample was placed into 
a furnace at temperature and at the completion of 
the run was quenched into a mercury bath. The 
growth temperatures used were 1700°, 1800°, 1900°, 
and 2000°F controlled to +10°F. Growth times were 
varied from 10 to 240 hr. The long times were used 
in order to eliminate the nucleation and growth 
effects occurring during the initial transformation. 
Time was measured from the introduction of the 
capsule into the hot furnace to the time of quench. 
Grain-size measurements were made with the use 
of a grain-size eyepiece of a microscope. By deter- 
mining the number of grains per square millimeter 
at X100 and taking the square root of the reciprocal 
of this number, the average linear dimension of the 
grains was determined. Figs. 1 and 2 are plots of 
these data as a function of time and temperature for 
the various conditions investigated. 

The variation of D, the linear dimension of the 
grains, was assumed to follow the equation® 


D=At, 


The curves of Fig. 1 were obtained from the data by 
the use of the least-squares method of analysis. Fig. 
1 is for the growth of the as-received stock and Fig. 
2 is for growth after prior treatments. Differentiating 
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the foregoing equation gives an expression for the 
rate of growth 
Ge 
Both D and G as functions of t are given in Table I. 
It should be noted that G is a function of time; the 
growth rate is rapid at early stages and decreases 
with increasing time. Since increasing temperature 
increases the growth rate, it has been common prac- 
tice to use the empirical relationship 
Gia 

to relate temperature to growth rate. The growth 
rate customarily has been taken at constant values 
of D on the basis that the rate of growth is related 
to the boundary surface tension and this is measured 
by the curvature of the boundary. At constant D 
values, the growth rate is a function of time and 
temperature. The growth rate can be related how- 
ever to temperature at constant time, and this has 
the advantage that under these conditions the growth 
rate is a function only of temperature. Obviously the 
Q values, activation energies, obtained for each as- 
sumption will not be the same and the question of 
which is the more correct is a moot one, since the 
assumed exponential relationship in either case has 
no particular theoretical significance. 

By plotting G, at constant grain size, vs 1/T, the 
activation energy over the temperature range of 
1800° to 2000°F is found to vary from 30,000 cal per 
mol at the smaller grain sizes to 50,000 cal per mol 
at the larger grain sizes. The 1700°F data do not 
correlate with the data at higher temperatures. The 
activation energies for the 1200° and 1600°F prior 
annealed materials were calculated as 50,000 and 
62,000 cal per mol, respectively, using the reciprocal 
time to a given grain size as a measure of the growth 
rate. 

Plotting G, at constant times, vs 1/T yields an 
activation energy of 12,300 cal per mol for the tem- 
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Table |. Grain Diameter and Growth Rate as Time Functions 
(As-Received Iron) 


Temperature, °F f(t) G = f(t) 
1700 0.1t0-115 0.0115t-0-885 
1800 0.110.122 0.0122t-0.880 
1900 0.110.153 0.0153t-0.847 
2000 0.1£9.168 0.0168t-.838 


perature range from 1700° to 2000°F. The pretreated 
irons gave values of 12,600 and 10,800 cal per mol 
for the 1200° and 1600°F treatments, respectively. 

The data follow the assumed dependence on time 
reasonably well in most cases. The constant A in the 
grain-size equation appears to be independent of 
temperature in the range investigated. This is at 
variance with the generally accepted idea that this 
constant is a function of temperature, grain-boundary 
energy, grain size, and radius of curvature.’ These 
factors may have combined in the present investiga- 
tion in such a fashion so as to negate any tempera- 
ture dependency. Its value is also probably due to 
the type of reaction that is occurring. Growth fol- 
lows a phase transformation in the present investi- 
gation and at zero time the grain size is zero. This 
is not the case in the previous studies that have been 
made on grain growth. The theoretical value of the 
exponent n is 0.5, but this value is rarely attained in 
metals due to the difference between the growth 
mechanism upon which the equation is based and 
the actual growth mechanism. The value of n in- 
creases with increasing temperature, an effect which 
has been noted in grain-growth studies on high 
purity aluminum.* 

The significance of the activation energies com- 
puted is difficult to assess. Because of the variation 
in “n,” the activation energies computed at constant 
grain size necessarily will vary. The values reported 
are considerably less than values reported for steels 
and are of the order of magnitude reported for other 
metals.”* The value for steel is of the order of 100,000 
cal per gram-atom; commercial brass, as 60,000 cal 
per gram-atom; high purity brass, 40,000 cal per 
gram-atom; and nickel, 82,500 cal per gram-atom.” 
The higher purity of the iron used as compared to 
the steel would account for the decreased activation 
energy, but the grain sizes obtained on growth are 
of the same magnitude as those obtained in steel.’ 

Since activation energies based on growth rates at 
a given time are not usually determined, these were 
computed from data in the literature where possible. 
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mol were obtained. For steel,’ values of 45,000 to 
55,000 were obtained; for a iron, values of 25,000 to 
35,000 calories per gram-mol were calculated.” No 
more significance can be assigned to these values 
than that given the activation energies obtained from 
growth rates taken at constant grain size, since, as 
stated previously, there appears to be no theoretical 
basis for the exponential dependency observed. 

While there will probably be disagreement as to 
the meaning of activation energies as applied to 
grain growth, there is no doubt that the prior anneal- 
ing treatments given the iron produced coarser grains 
of austenite. It appears that the coarser the ferrite 
grain size, the coarser will be the resulting austenite 
grain size. The as-received material on heating un- 
doubtedly recrystallized to produce the finest grain 
size of ferrite of the three that were studied, and 
thus subsequently produced the finest austenite 
grains. Since the austenite nucleates at the a grain 
boundaries, it follows that the smaller the a grain 
size, the greater will be the number per unit area 
of austenite nuclei and this leads to a smaller grain 
size on impingement and subsequent growth after a 
given time at temperature. Undoubtedly, the changes 
‘that occur during the period of a to y transformation 
have a pronounced effect on subsequent growth of 
the y grains and should be more thoroughly inves- 
tigated. 
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Oxygen Solubility and Oxide Phases in the Fe-Cr-O System 


by D. C. Hilty, W. D. Forgeng, and R. L. Folkman 


The solubility of oxygen in molten Fe-Cr alloys has been determined at 1550°, 
1600°, and 1650°C for alloys containing up to about 50 pct Cr and found to decrease 
as chromium increases to 6 pct and then to increase gradually. Phase relations in the 
Fe-Cr-O system at steelmaking temperatures have been evaluated and two previously 


unreported oxides have been identified. 


PERATIONS in the melting and refining of 

chromium steels are dependent to a major de- 
gree on the reactions of chromium and iron with 
oxygen and are primarily directed toward control- 
ling and modifying these reactions to secure maxi- 
mum advantage in the utilization of chromium. Al- 
though fairly effective practices have been devel- 
oped empirically, understanding of the specific re- 
actions is limited. Moreover, the ability of molten 
steel to dissolve oxygen that subsequently precipi- 
tates as oxide inclusions during solidification is well 
known, so that clarification of the effect of chromium 
on the nature and mechanism of formation of these 
inclusions is desirable. 

Study of the problem indicated that increased 
knowledge of the fundamental Fe-Cr-O system is 
essential to further technical and economic improve- 
ment. Consequently, an investigation of the influ- 
ence of chromium on the solubility of oxygen in 
molten iron and of phases and phase relations in the 
Fe-Cr-O system was undertaken at the Metals Re- 
search Laboratories of the Electro Metallurgical Co. 
as part of a general program on the effective utiliza- 
tion of chromium in chromium steel production. 


Experimental Procedure 


All of the experimental runs made during this in- 
vestigation were carried out in the rotating crucible 
induction furnace which has been described in de- 
tail in a previous publication." In review, the princi- 
ple underlying this furnace is that rotational forces 
in the crucible cause the molten metal to assume a 
concave shape in such a manner that the slag is con- 
tained in the molten metal cup, thereby minimizing 
slag/crucible contact and subsequent reaction. 

Practically all of the heats were melted in com- 
mercial-quality magnesia crucibles of the type usu- 
ally furnished for laboratory induction furnaces. 
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All of the runs were made under an argon atmos- 
phere after the furnace chamber had been degassed. 
Bath temperatures were controlled by Pt—Pt-10 pct 
Rh thermocouples. 

The basic furnace charge consisted of a premelted 
12 to 15 lb electrolytic iron slug which had been cast 
to a shape convenient for fitting into the rotating 
furnace crucible. A typical analysis of the electro- 
lytic iron slugs is given in Table I. 

For certain runs, it was desirable to melt down 
charges containing high initial chromium contents. 
In these cases the chromium was added to the elec- 
trolytic iron during the premelting operations. 
Chromium was added to the rotating furnace bath in 
the form of electrolytic chromium of the analysis 
given in Table II. 

In all of the constant temperature runs, the stand- 
ard precedure was to melt down the electrolytic 
iron or alloy slug under vacuum, admit argon to 
slightly greater than atmospheric pressure, and ad- 
just rotational speed to develop a well formed “‘cup’’ 
on the bath surface. The melt was then saturated 
with oxygen by an addition of ferric oxide and the 
temperature of the bath adjusted to within +5°C of 
the desired level. At this point the heat was per- 
mitted to come to equilibrium prior to sampling or 
further addition. This time interval was varied from 
15 min to 2 hr but generally was about 20 min. 
After sampling, the desired chromium addition was 
made and the bath again equilibrated prior to sub- 
sequent sampling. This cycle of addition and samp- 
ling continued for the duration of the run which 
lasted from 4 to 8 hr. At the end of this period, 
power was shut off and the bath allowed to solidify 
in the furnace. 

Quenched metal samples were taken from the 
equilibrated melts by means of the “Taylor sampler”’ 
which has been described by Taylor and Chipman.” 
Before being submitted to chemical analysis, all 
samples were carefully examined for surface slag 
occlusions and cold shuts. Later in the study, each 
sample was radiographed and examined metal- 
lographically in cross-section to determine the pres- 
ence of internal defects. On the basis of these ex- 
aminations, sound and apparently clean specimens 
were selected from the Taylor samples for chemical 
analysis. 
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Fig. 1—Plot of isothermal data. Open circle is 1650°C; half-closed 
circle, 1600°C; closed circle, 1550°C; and X, 1600°C, chromite 


crucible. 


Slag sampling proved quite difficult because of 
the low slag volume usually encountered and also 
because the slag was generally present as a dry 
frangible film on the surface of the liquid metal cup. 
Samples were obtained by lowering a clean cold 
steel rod (about % in. diam) into the furnace 
through the sampling hole until it just touched the 
bath surface. Generally, a small amount of slag col- 
lected and adhered to the tip of the rod. The sample 
was then withdrawn and either cooled in the stream 
of incoming argon at the top of the furnace chamber 
or quenched in water. 

Chromium analyses were made on chips machined 
from the complete cross-section of the Taylor sam- 
ples. The standard analytical procedure of oxidation 
and potentiometric titration was used for chromium 
and gave results reproducible within +0.01 pct Cr 
in the low chromium range and up to £0.20 pct Cr 
in the high chromium range. Analyses for oxygen 
were made by the conventional vacuum fusion tech- 
nique which gives results reproducible within +0.001 
pet O. After preparation of the metal samples as 
described previously, the vacuum fusion samples 
were electropolished in a 10 pct perchloric-acetic 
acid solution and deep etched in 50 pct HCl to elim- 
inate all traces of rust or scale, washed with water, 
acetone, and ether, and then stored in a dessicator 
to await analysis. 


Results of Constant Temperature Experiments 

In efforts to determine the solubility of oxygen in 
molten Fe-Cr alloys at 1550°, 1600°, and 1650°C, 
series of isothermal runs were made at these tem- 
peratures. The results of these tests are shown in 
Fig. 1. Because of the excessive scatter of the data, 
no curves have been drawn. Moreover, the best at- 
tempts to evaluate and fit curves to the data resulted 
in an apparent solubility inversion demonstrated by 
the fact that the 1650°C isotherm tended to overlap 
the 1600°C isotherm in the lower chromium ranges. 
Since such an anomaly seemed quite unlikely in a 


Table |. Analysis of Electrolytic Iron Slugs 


Element Pet 
Carbon 0.002 
Manganese 0.0006 
Phosphorus 0.0012 
Sulphur 0.010 
Silicon <0.001 
Aluminum (soluble) 0.0002 
Aluminum (insoluble) 0.0005 
Copper Trace 
Nickel Trace 
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system of this type, several tests were made to prove 
or disprove its existence. Because of the excessive 
scatter of the results, however, these tests were in- 
conclusive. 

One of the isothermal runs was made at 1600°C 
in a chromite crucible. The choice of this crucible 
was based on the findings of Chen and Chipman® 
who considered that chromite is the stable solid 
phase in equilibrium with melts containing less than 
5.5 pet Cr. As shown in Fig. 1, these data were not 
significantly different from those obtained in mag- 
nesia crucibles. For this reason and because of 
spalling difficulties encountered, the use of chromite 
crucibles was discontinued. 

In a search for the cause of the inconsistencies in 
the data, consideration was given to the possibility of 
sample contamination which might have led to some 
of the apparently anomalous results. In this respect, 
several samples were reanalyzed for oxygen con- 
tents and Taylor samples examined metallographi- 
cally in cross-section to determine the presence of 
gross contamination. In most instances, chemical re- 
analyses verified original results and metallographic 
examination of the Taylor samples revealed nothing 
but the normal dispersion of primary nonmetallic 
inclusions with no evidence of gross oxide contam- 
ination. However, when these data are compared 
with those obtained by Wentrup and Knapp,* Linch- 
evskij and Samarin,’ and Chen and Chipman, it is 
interesting to note that the solubility results of these 
authors are not only of the same order of magnitude, 
but also exhibit the same degree of scatter. 

At this point in the investigation, efforts to ration- 
alize the foregoing results were directed to an ex- 
amination of all of the oxide phases encountered in 
these tests. 


Oxide Phases 

For purposes of calculation, it is commonly as- 
sumed that the oxide phases in equilibrium with 
molten Fe-Cr alloys are chromite (FeO-Cr.O,) and 
Cr,O,. A review of the literature, however, indicates 
that some investigators have considered this assump- 
tion inadequate to explain their observations and 
strongly suspect that other oxides of chromium may 
be involved. Since FeO: Cr.O, and Cr.O, are the most 
stable oxides of iron and chromium at low tempera- 
tures, direct observation of other possible phases has 
been difficult and their existence and specific iden- 
tities have been largely a matter of speculation and 
inference. 

In rationalizing his observations of the relation 
between carbon and chromium in molten iron under 
oxidizing conditions, Hilty® suggested CrO as the 
oxide phase involved.on the basis that the equation 


CrOuns slag) + == Cian metal) 


fit the observations quite well without complications 
regarding the thermodynamic activities of carbon 
and chromium in the relatively dilute solution. Sub- 
sequently, Dennis and Richardson’ disagreed and 
presented calculations purporting to show that 
Hilty’s results could be predicted from the activities 
of chromium and carbon and the assumption of Cr.O, 
as the stable oxide. 

Chen and Chipman summarized their observations 
with the statement that at 1595°C chromite was the 
stable phase in equilibrium with melts containing 
less than 5.5 pet Cr and at higher chromium concen- 
trations in the metal Cr.O, became the stable phase. 
Sims, Saller, and Boulger* reviewed Chen and Chip- 
man’s observations and attempted to explain their 
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oxygen solubility results by assuming a homogene- 
ous metal phase containing CrO. They suggested 
that chromite and Cr.O, inclusions observed to con- 
tain islands of metal could form by the precipitation 
and disproportionation of “dissolved” CrO. Zapffe® 
also discussed the possible formation of Cr,O, by 
disproportionation of CrO. Linchevskij and Samarin 
recognized only chromite and Cr.O, as the solid 
phases in equilibrium with the metal, but postulated 
that at chromium concentrations above 16 pct in the 
metal CrO is formed as an entity dissolved in the 
metal, though not existing as a separate phase—a 
hypothesis that seems of doubtful tenability. 

A fairly comprehensive investigation of nonmetal- 
lic phases in the Fe-Cr-O system was conducted by 
Wentrup and Knapp. These authors demonstrated 
the presence of solid oxide phases other than the 
well known chromite and Cr.O, inclusions and spec- 
ulated as to their possible compositions. They con- 
cluded, however, that “chromium spinel-FeO- Cr.O,” 
is stable even at high chromium contents in the metal 
and that “pure chromium oxides” are to be ex- 
pected at chromium contents higher than 30 to 40 pct. 

In the present investigation a detailed study of the 
composition, structure, and properties of the oxide 
inclusions was undertaken because it was considered 
that with sufficiently rapid cooling the primary in- 
clusions are representative of the oxide phases in 
equilibrium with the metal at the time solidification 
begins. A comparison of the structure of the inclu- 
sions in rapidly cooled heats with those in heats 
cooled at a slower rate also was made to determine 
how the primary inclusions may be modified by sub- 
sequent reactions or transformations. 

The characteristics of the inclusions were studied 
by microscopic examination of polished sections and 
also by microscopy and X-ray diffraction investiga- 
tion of the inclusions isolated from the metallic 
matrix by electrolysis of the samples. Representa- 
tive sections for metallographic examination were 
taken from the rapidly cooled Taylor samples and 
from the slowly cooled ingot at each chromium level. 
The color, shape, size, and distribution of the inclu- 
sions in the polished specimens were noted with 
ordinary illumination. Polarized light with crossed 
nicols was then employed to determine the true 
transmission color as well as the presence and de- 
gree of anisotropy of the inclusions. 

The inclusions were isolated by electrolytic dis- 
solution of the metal in a 10 pct aqueous solution of 
hydrochloric acid. The specimen was made the 
anode in a divided cell constructed from two 500 ml 
beakers joined by a short tube, 1 cm in diameter, at 
a point about 2 cm from the bottoms of the beakers. 


a 


Table II. Analysis of Electrolytic Chromium 


Element Pct 
Manganese 0.039 
Sulphur 0.046 
Oxygen 0.56 

Nitrogen <0.001 
Aluminum 0.002 


The beaker forming the anolyte compartment was 
first filled to a point just below the junction tube 
with a layer of glycerine. The electrolyte then was 
carefully floated on the glycerine layer to avoid 
mixing. The purpose of the glycerine layer was 
twofold: first, it minimized attack on the inclusions 
after they were freed from the metal; and it pro- 
vided a clear colorless collecting medium for subse- 
quent handling when the electrolyte was siphoned 
off through the catholyte compartment. The cathode 
was a platinum strip. This divided cell arrangement 
prevented contamination of the extracted inclusions 
by electrodeposited metal that did not adhere to the 
cathode. The inclusions were freed from the glycer- 
ine layer by washing repeatedly with water. A por- 
tion of the residue was placed on a microscope slide 
and examined with a petrographic microscope. By 
this means the true shapes of the inclusions could be 
studied and their optical properties determined. 
Another portion of the residue was mounted in a 
small wedge-shaped holder and X-ray diffraction 
patterns were taken by the Debye-Sherrer method 
using unfiltered chromium radiation. 

In order to provide further information on the 
nature of the oxide phases at the various chromium 
levels, X-ray diffraction patterns of the slag sam- 
ples from each heat were taken. The slag samples 
always included some entrapped metal from the 
heats which was extracted from the crushed slags 
with a 10 pct solution of bromine in methanol. 

In the following discussion of the results obtained 
by microscopic and X-ray examination, the alloys 
have been arbitrarily placed in the following cate- 
gories: 1—low chromium, up to about 3 pct Cr; 2— 
medium chromium, 3 to about 9 pct Cr; 3—high 
chromium, 9 to about 25 pct Cr; and 4—-very high 
chromium, over 25 pet Cr. 

The inclusions in the low chromium alloys were 
the usual chromite type as illustrated in Fig. 2. In 
the rapidly cooled sample, Fig. 2a, the primary in- 
clusions, though quite small, have fairly well defined 
crystalline outlines. The very small inclusions prob- 
ably formed by eutectic reaction in spite of the rapid 
cooling rate. The primary inclusions in the slowly 


Fig. 2a—Low chromium heat. Chromite Fig. 2+—Low chromium heat. Chromite Fig. 2c—Low chromium heat. Inclu- 


inclusions in Taylor sample. X2000. 
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inclusions in slowly cooled ingot. X250. 


sions extracted from slowly cooled in- 
got. X100. 
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cooled ingot are larger and have a better developed 
crystalline outline. The inclusions in Figs. 2a and 2b 
appear gray with ordinary reflected light and are 
isotropic and black with crossed nicols, although an 
occasional deep red internal reflection can be noted. 
In the micrograph of the inclusions extracted from 
the slowly cooled ingot, Fig. 2c, the true crystal 
shapes of the inclusions are quite apparent. These 
inclusions were red in color and, as expected from 
their cubic structure, were completely isotropic. An 
X-ray diffraction pattern of the residue in Fig. 2c 
showed a simple cubic structure of the spinel type, 
i.e., FeO: 

The inclusions in the medium chromium alloys 
were similar to those shown in Fig. 3. In polished 
section with ordinary light, Figs. 3a and 3b, and even 
in the extracted residue, Fig. 3c, they appear iden- 


> ag 


Fig. 3a—Medium chromium heat. Dis- 
torted spinel inclusions in Taylor sam- 
ple. X2000. 


torted spinel 


a 


Fig. 4a—High chromium heat. Cr.Q, 
inclusions in Taylor sample. X2000. and chromite 


Fig. 5a—Very high chromium heat. Fig. 5b—Very high chromium heat. 
Striated CrsO: inclusion in slowly CrsQ, inclusions in slowly cooled ingot. 


cooled ingot. X2000. X250. 
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tical with those from the low chromium heats. Their 
optical properties and X-ray patterns, however, are 
quite different from those of the chromite inclusions 
found in the low chromium heats. They show a mod- 
erate degree of double refraction with reflected 
polarized light and a cherry-red transmission color. 
As will be shown later, their X-ray structure is 
tetragonal with a variable axial ratio and appears 
to have resulted from a distortion of the cubic spinel 
structure. 

In the high chromium heats, Fig. 4, the primary 
inclusions are markedly different from either the 
chromite inclusions of the low chromium alloys or 
from the distorted spinels of the medium chromium 
heats. Fig. 4a shows primary crystals both singly 
and agglomerated into a pseudospherical shape in 
the rapidly cooled Taylor sample. With ordinary 


Fig. 3b>—Medium chromium heat. Dis- Fig. 3c—Medium chromium heat. In- 
inclusions in 
cooled ingot. X250. 


clusions extracted from slowly cooled 
ingot. X100. 


slowly 


Fig. 4b—High chromium heat. Cr;O, Fig. 4c—High chromium heat. Inclu- 
inclusions in slowly sions extracted from slowly cooled in- 
cooled ingot. X250. 


got. X100. 


Fig. 5c—Very high chromium heat. 
Inclusions extracted from slowly 
cooled ingot. X100. : 
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light, faint striations may be seen on the surface of 
some of the larger inclusions, and with crossed nicols 
the inclusions are very strongly doubly refractive 
and show prominent banding. In the slowly cooled 
ingot Fig. 4b, the inclusions are similar but a few 
small chromite inclusions also can be noted. As will 
be discussed later, the latter probably resulted from 
eutectic transformation. A study of the inclusions 
extracted from the slowly cooled ingot of a high 
chromium heat, Fig. 4c, reveals a tendency for the 
inclusions to have elongated shapes. The inclusions 
vary in color from red to yellow, are strongly aniso- 
tropic, and usually show prominent striations or twin 
markings. The X-ray pattern of these inclusions in- 
dicates a tetragonal structure with an almost con- 
stant axial ratio, c/a, of 0.88. It will be shown sub- 
sequently that a chemical analysis of this phase 
approximates that of the compound Cr,O, with a 
small amount of iron substituting for chromium. 

At very high chromium contents and even in chro- 
mium itself, the Cr,O, phase appears to be the only 
primary inclusion. Its typical forms in a very high 
chromium heat are illustrated in Fig. 5. Fig. 5a 
illustrates a large well developed crystal with notice- 
able striations at high magnification. Fig. 5b, at 
lower magnification, shows a primary Cr.O, inclu- 
sion with some binary eutectic Cr,O, inclusions as 
well. The extracted residue from this heat, Fig. 5c, 
consists of well shaped primary forms and the den- 
dritic branching eutectic. 

An outstanding characteristic of the Cr,O, phase 
is its tendency to disproportionate upon slow cooling 
or reheating. The reaction apparently proceeds as 


follows: 3 CrO/> Cr +4 Cr,0,. 


This behavior is illustrated in Fig. 6. Fig. 6a shows 
a typical Cr,O, inclusion in a slowly cooled very high 
chromium heat. This inclusion was orange-red and 
highly doubly refractive when viewed with crossed 
nicols. The inclusion in Fig. 6b is of similar shape 
but with more irregular outlines and containing 
small droplets of metal. The ingot in which it oc- 


Fig. 6a—Very high chro- 
mium heat. CrsO. inclusion 
retained in a slowly cooled 
ingot. X2000. 


Fig. 6c—Very high chro- 
mium heat. Cr2O3-metal ag- 
gregate resulting from dis- 
proportionation of in- 
clusion by reheating ingot 
to 1400°C. X2000. 
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curred was cooled very slowly. With crossed nicols, 
this inclusion was a vivid green and highly doubly 
refractive. Both the disproportionated and undis- 
proportionated types of inclusions were present in 
close proximity in very slowly cooled specimens of 
high chromium alloys, although the Cr,O, type always 
predominated. Fig. 6c illustrates the change that 
takes place when an ingot with a very high chro- 
mium content containing only the Cr,O, type inclu- 
sions shown in Fig. 6a is reheated to 1400°C for a 
short time. The inclusions are transformed from the 
straight-sided angular type of Fig. 6a to the irreg- 
ularly shaped duplex Cr.O,-metal aggregate of Fig. 
6c. The extracted inclusions from the reheated ingot 
are shown in Fig. 6d. Comparison of their shapes 
with those of inclusions from the as-cast ingot, Fig. 
5c, shows a loss of angularity and general coalescence. 

Disproportionation of Cr,O, inclusions also takes 
place in chromium metal itself. Fig. 7a shows a field 
of Cr,O, inclusions in as-cast chromium metal. These 
inclusions appeared reddish-orange and anisotropic 
when examined under polarized light. The duplex 
oxide-metal inclusion in Fig. 7b occurred in the same 
specimen. With polarized light the inclusion was 
green and anisotropic. 

The striking difference in appearance that oxide 
inclusions extracted from Fe-Cr alloys exhibit is 
shown in the color micrographs of Fig. 8. Fig. 8a is 
a group of inclusions extracted from a high chro- 
mium heat. The large striated, rhomb-shaped, red- 
dish-yellow inclusion is typical of Cr,O,. The small 
dark inclusions are isotropic chromite and the green 
irregular inclusion is Cr.O;. The change in color of 
the inclusions when the very high chromium ingot 
was reheated as described previously is illustrated 
in Figs. 8b and 8c. The inclusions from the as-cast 
ingot consist mainly of the red and yellow Cr,O, 
type, Fig. 8b, while those from the heat-treated ingot 
are entirely the green Cr.O,; type, Fig. 8c. 

The microscopic studies of the Fe-Cr alloys indi- 
cated four oxide phases that could be recognized and 
differentiated one from the other by their optical 


Fig. 6b—Very high chro- 
mium heat. Cr.0;-metal ag- 
gregate resulting from dis- 
proportionation of 
during ingot solidification. 
X2000. 


Fig. 6d—Very high chro- 
mium heat. Inclusions ex- 
tracted from ingot that was 
reheated to 1400°C. X100. 
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Fig. 7a—As-cast chromium 
metal. Cr,0, inclusions. 


X2000. 


properties. X-ray diffraction patterns of residues 
extracted from alloys in the various chromium 
ranges verified the presence of four distinctly dif- 
ferent crystalline individuals. These have been ten- 
tatively designated as follows: 

1—Chromite: a solid solution of Fe,O, in FeO- Cr.O,, 
cubic spinel type with an a, varying with the Fe,O, 
content of the inclusions from 8.23 to 8.30A. 

2—Distorted spinel: probably intermediate in 
composition between Cr,O, and FeO-Cr.O;, a de- 
formed spinel arrangement which can be indexed 
as a face-centered-tetragonal crystal with the a, 
varying from 8.39 to 8.48A and the axial ratio, c/a, 
varying from 0.98 to 0.95 as a function of both cool- 
ing rate and composition. 

3—Cr,O,: This compound can also be indexed as 
face-centered-tetragonal. With a limited amount of 
iron substituting for some of the chromium, its a is 
8.64 and its axial ratio, c/a, is 0.88. In the absence 
of iron, its a, is 8.72 and its axial ratio, c/a, is 0.86. 

4—Cr.O;: a solid solution of Fe.O, in rhombohedral 
Cr.O;. The parameters of this phase are very nearly 
those of the pure oxide, i.e., a, = 5.38, a = 59°50’. 

The interplanar spacings and relative intensities 
of the diffraction lines for chromite, distorted spinels 
with axial ratios of 0.97 and 0.95, Cr,O, with an axial 
ratio of 0.88, and Cr-O,; are listed in Table III. 

The relationship among the diffraction patterns of 
chromite, distorted spinels, and Cr,O, is shown dia- 
grammatically in Fig. 9. It may be noted that, while 
the reflections from the octahedral planes (111), 
(222), and (333) of the chromite are relatively un- 
changed in progressing through the distorted spinels 
to Cr,O,, reflections from other planes are split and 


a—Cr,0O,, chromite, and Cr.O, inclusions 
from a high chromium ingot. 


b—Inclusions from a yery high chromium 
ingot in as-cast condition. 


Fig. 7b—As-cast chromium 
metal. Cr2O,-metal aggre- 
gate resulting from dispro- 
portionation of CrsOx inclu- 
sion during cooling. 


change position gradually through the distorted 
spinel range and then shift position abruptly in go- 
ing from distorted spinel to Cr,OQ,. 

The results of X-ray diffraction studies of inclu- 
sions extracted from alloys of various chromium 
contents slowly cooled in ingot form and as-quenched 
in a Taylor sampler from 1650°, 1600°, and 1550°C 
are summarized in Table IV. 

The inclusions extracted from one of the high 
chromium heats containing approximately 42 pct Cr 
were found by X-ray diffraction to consist almost 
entirely of the tetragonal Cr,O, phase. In view of 
the relative absence of other phases, it was felt that 
a chemical analysis of this residue would give a 
reliable indication of the composition. The following 
results were obtained: 63.0 pct Cr, 29.3 pct O (vac- 
uum fusion), 7.25 pct Fe, and a total of 99.55 pct. 

Using a weighted average atomic weight for chro- 
mium and iron, the phase may be represented ade- 
quately by the formula, Cr,O,, with limited substi- 
tution of iron for chromium. Generally, it has been 
observed that the chromium to iron ratio for inclu- 
sions from alloys in the 40 to 50 pet Cr range is 
about 9 to 1. 

A portion of the residue from the same high chro- 
mium ingot was utilized to provide additional in- 
formation on the thermal stability and the kinetics 
of the disproportionation reaction of the Cr,O, phase. 
Small samples of the residue were wrapped in plat- 
inum foil and heated in platinum crucibles under an 
argon atmosphere at different temperatures and for 
varying lengths of time. X-ray diffraction patterns 
were taken of the heat-treated residues with the 
results listed in Table V. 


c—Inclusions from same ingot as b after 
reheating ingot to 1400°C. 


Fig. 8—Color micrographs of extracted inclusions; crossed nicols. X250. 
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Table Ill. Interplanar Spacings and Relative Intensities of Oxide Phases 


Distorted 
pinel, Spinel, Cc 
Chromite c/a = 0.97 c/a = 0.95 c/a ns oie 
hkl, 
d, A I d, A I (hk) d,A I (hkl) A I d,A I Hexagonal 
4.80 3 111 4.85 
2.93 6 220 2.98 220 299 220 305 3 320 
2.50 10 113 2.92 6 202 2.91 8 202 2.86 4 202 es x uh 
2.40 1 222 2.52 10 131 2.53 10 131 2.58 ‘10 131 O17 3 13 
2.075 8 400 2.48 5 113 2.44 9 113 2/39 2 222 1.80 3 208 
af 695 1 224 2.40 4 222 2.40 2 222 2.34 1! 113 1.662 3 i16 
595 9 $33 2.10 4 400 2.12 "I 400 2.16 6 400 1.456 3 124 
1.468 10 440 2.05 3 004 004 £ 
1.401 3 135 1.71 2 242 3 242 725 3 
1.315 1 260 1.68 1 224 1.67 if 224 1.655 '9 
1,266 3 335 1.62 5 151 1.63 7 151 1.590 2 333 eae = = 
= 43 8 404 = 
— a = 1.483 4 440 1.491 8 440 1.348 1 602 = = = 
= = oe 1.460 6 404 1.455 10 404 1.287 3 262 = a ae 
= = ae 1.325 1 260 1.340 1 260 1.280 5 353 = = red 
= = = 1.274 3 353 1.278 7 353 1.217 1 335 ae = = 
206 
= = = 1.265 1 335 1.254 335 — = = = 25 = 
It is apparent that upon reheating the Cr,O, phase, Chromite (222) 
even at fairly low temperature, the rate increasing | | | 
with temperature. The metal was a body-centered- | hey 
cubic chromium-rich solid solution. (004) 404) (853) 
Efforts to reverse the disproportionation reaction | 
at temperatures up to the melting point of the metal -sionied | | | l! i I | | eee 
proved unsuccessful. Thus, the reaction appears to Spinel | 
be irreversible in that the Cr,O, phase forms and is 
\ 
stable above the melting point of the metal and may | | | | | [| | | | A | 
be retained only in a metastable state at lower tem- (262) \ 
Attempts were made to produce massive crystals | i | i | ; | | Leal 
of the Cr,O, phase for further investigation of the 5 5 25 35 45 55 6 75 
properties of the compound. While no success was © — DEGREES 


achieved in forming such crystals, varying quan- 
tities of the Cr,O, phase in mixtures with the other 
oxides of iron and chromium were synthesized by 
several methods. Fusion of low carbon ferrochromium 
in an oxidizing oxy-acetylene flame produced appre- 
ciable quantities of Cr,O,. Smaller amounts of this 
phase were formed when 8 to 1 mixtures of Cr,.O, 
and Fe,O,; were melted in neutral or reducing oxy- 
acetylene flames. Similar experiments using an 
oxidizing flame failed to produce Cr,O,. These re- 
sults suggest that Cr,O, is stable at high tempera- 
tures and under conditions of low oxygen pressure. 

While the nature of the distorted spinel phase was 
not studied as extensively as that of the Cr,O, phase, 
conclusive evidence was obtained that it also dis- 
proportionates in a manner similar to that of Cr,O,, 
but with different products. This phenomenon was 
initially observed when a slag sample, predominantly 
distorted spinel (c/a 0.95) according to X-ray 
diffraction, was heated to 1400°C in argon. The re- 


Table IV. X-Ray Diffraction Results 


Low Medium High Very High 
Chromium Chromium Chromium Chromium 
1650° Chromite Distorted Cr304 
3 spinel 
Quenched 1600° Chromite Distorted Cr304 Crs0O4 
samples spinel 
1550° Chromite Distorted CrzO4 CrsO4 
spinel 
Chromite Distorted CrsO4 
Ingot spinel 
samples CrsO4 Cr2Oa Cr2Oz 
Chromite Chromite Chromite 
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Fig. 9—Comparison of diffraction patterns. 


sulting constituents were chromite and metal. The 
disproportionation was confirmed in an ingot section 
from a medium chromium heat in which the dis- 
torted spinel inclusions in the as-cast metal were 
completely transformed to chromite containing small 
amounts of Cr.O,; and droplets of metal after the 
specimen had been reheated to 1400°C for 3 hr. The 
change in appearance of the inclusions closely par- 
alleled that observed for Cr,O, inclusions in very 
high chromium heats previously illustrated in Fig. 6. 

Only limited chemical analyses of the distorted 
spinel phase were made, and these were not suffi- 
cient to establish its complete composition. An 
oxygen determination by vacuum fusion on a small 
relatively pure sample of distorted spinel inclusions 
extracted from an ingot of medium chromium con- 
tent, however, indicated an oxygen content not 
greatly different from that of chromite. On the basis 
of the observations, it is considered that the dis- 
torted spinel phase may be a combination of 
FeO-Cr.O,; with Cr,O,. It has a variable composition 
range and disproportionates at temperatures below 
the melting point of the metal into FeO-Cr.O, and 
metastable Cr,O, which is subject to further dis- 
proportionation into Cr,O, and metal. 

In general, X-ray diffraction examination of the 
previously mentioned slag samples confirmed the 
results of the inclusion examination with regard to 
existence, regions of stability, and disproportionating 
characteristics of the various oxide phases. In the 
high chromium regions, however, the ratio of Cr,.O, 
to the other constituents was somewhat higher than 
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Table V. Phases Present after Heat Treatment of CrzOx 


Phases 
Temperature, °C Time, Min Major Minor 

500 15 CrgO4 
700 60 Crs04 Cr2Os, a 
700 180 Cr2Oz a 

800 15 Cr3O4 CreOs, a 
900 5 CreOz a 

900 15 Cre2Oz 


would be expected from the inclusion studies. This 
observation is considered to be a further demonstra- 
tion that Cr.O, is the stable phase in equilibrium 
with the liquid metal and at low oxygen pressures. 
Since the conditions under which the slag samples 
were cooled were considerably more oxidizing than 
when the slags were in contact with the bath, the 
Cr.O, in the slag samples is believed to have resulted 
both from oxidation of the lower oxides and from 
disproportionation of Cr,Q,. 


Experimental Constant Chromium Runs 

During attempts to clarify the inconsistencies in 
the constant temperature runs, a constant chromium 
(0.65 pet Cr) content heat was made in which the 
heat was equilibrated at temperatures ranging from 
1550° to 1650°C in 25° gradations. In this heat, the 
previous practice of melting the electrolytic iron 
slug under vacuum, adjusting rotation, admitting 
argon, and saturating with Fe.O, was followed. The 
nominal chromium charge was added as electrolytic 


Table VI. Results of Constant Composition, Varying Temperature 
Heats Made in Magnesia Crucibles 


Pct O 
Nominal Adjusted to 
Chromium Tem- Analytical Results Nominal 
Content, Sample perature, Chromium 
Run No. Pet No. °C Pet Cr Pct O Content 
CC-1 0.06 1 1647 0.07 0.200 0.215 
CC-1 2 1600 0.06 0.170 0.170 
CC-1 3 1605 0.06 0.180 0.180 
CC-1 4 1549 0.04 0.148 0.123 
CC-1 5 1631 0.05 0.210 0.192 
CC-2 1 1653 0.06 0.210 0.210 
CC-2 3 1556 0.04 0.150 0.122 
CC-3 0.65 il 1649 0.79 0.065 0.070 
CC-3 2 1633 0.74 0.059 0.062 
CC-3 3 1600 0.64 0.051 0.051 
CC-3 4 1601 0.64 0.053 0.053 
CC-3 5 1573 0.59 0.039 0.037 
CC-3 6 1558 0.59 0.039 0.037 
CC-3 7 1584 0.57 0.043 0.040 
CC-3 8 1623 0.67 0.055 0.055 
CC-3 9 1654 0.64 0.067 0.067 
CC-4 1.65 2 1604 1.76 0.031 0.031 
CC-4 3 1555 1.68 0.023 0.023 
CC-4 4 1657 1.44 0.050 0.048 
CC-5 3.50 2 1597 3.68 0.032 * 
CC-5 3 1554 3.68 0.024 
CC-5 4 1600 3.39 0.033 
CC-5 5 1644 3.38 0.042 
CC-5 6 1698 3.39 0.064 
CC-6 2 1570 3.44 0.025 
CC-6 3 1626 3.35 0.035 
CC-6 4 1678 3.23 0.047 
CC-7 5.35 2 1600 5.38 0.025 = 
CC-7 3 1554 5.33 0.018 
CC-7 4 1599 5.33 0.025 
CC-8 8.0 1 1674 8.14 0.042 C3 
CC-8 2 1629 8.08 0.032 
CC-8 3 1565 7.99 0.021 
CC-9 9.0 2 1608 9.05 0.028 * 
CC-9 3 1551 9.05 0.018 
CC-9 4 1600 9.05 0.028 
CC-9 5 1652 8.96 0.039 
CC-10 24.7 1 1651 24.76 0.062 * 
CC-10 2 1597 24.58 0.047 
CC-10 3 1548 24.64 0.036 
CC-11 37.0 1 1649 37.08 0.088 * 
CC-11 3 1594 36.96 0.067 
CC-11 4 1548 37.10 0.053 


* Oxygen content not adjusted. Variation in chromium content 
insignificant. 
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chromium and the bath equilibrated at the desired 
temperature. After equilibrium was presumably at- 
tained and sampling performed, the temperature was 
adjusted to the next desired level and held constant 
for 20 min to 1 hr prior to sampling. This procedure 
was repeated for all the desired temperature levels. 
At the end of the run, the remaining melt was al- 
lowed to solidify in the crucible under argon. 

Data obtained from this run did not substantiate 
the questionable solubility inversion noted in the 
earlier tests. Moreover, it was found that when the 
logarithms of the oxygen contents observed were 
plotted against the reciprocals of the absolute tem- 
peratures, straight lines with little scatter of the 
data were obtained. Therefore, this procedure was 
repeated for another complete series of runs cover- 
ing the entire chromium and temperature range pre- 
viously studied. Runs were made at the following 
chromium levels: 0.06, 0.65, 1.65, 3.5, 5.35, 8.0, 9.0, 
25, and 37 pct. 

The variation in chromium content in any one run 
was small in most instances. However, for the sake 
of accuracy in evaluating the results, it was believed 
desirable to correct oxygen contents to the average 
chromium content within a run in those cases where 
variation appeared significant. The corrections were 
estimated from the constant temperature data on 
the assumption that within limited ranges of chro- 
mium content, the slope of the curve on a pet O-pct 
Cr plot gave a close approximation of the incre- 
mental effect of chromium on oxygen concentration. 
At the lower chromium concentrations, this correc- 
tion, though small, was important but its relative 
significance decreased with increasing chromium 
contents. Because of the proportionally greater con- 
stancy of chromium concentrations above 3.5 pet Cr, 
the correction proved negligible and was ignored. 
The analytical results for these runs are given in 
Table VI. 


During evaluation of the results from the constant 
chromium runs, an observation appearing to be of 
special significance with regard to the scatter of the 
isothermal data was made. In four of the runs, the 
oxygen content observed in the first sample taken 
from the heat was excessively high, differing so 
greatly from the general oxygen level of the other 
samples from that heat that it seemed to bear no 
relation to them, although it was within the scatter 
of the previous isothermal data. In two of the runs, a 
sample taken later in the heat gave a similar result. 

As in the case of the isothermal experiments, no 
explanation of these discrepancies was immediately 
apparent. Repeated oxygen analyses merely con- 
firmed the initial results, while metallographic and 
radiographic inspection of the samples failed to re- 
veal evidence of sample contamination by foreign 
enclosures such as entrapped slag or coarse inclu- 
sions. Upon thorough review of the logs of the runs 
however, a definite pattern, clearly relating these 
anomalous oxygen results to the melting practice, 
emerged. Without exception, the four runs, in which 
the first sample taken gave an irregular result for 
oxygen, were characterized by the fact that follow- 
ing the addition of the required chromium and ferric 
oxide to the heat after meltdown there was no sub- 
stantial change in the temperature of the molten 
bath until after the first sample was taken. On the 
other hand, in all of the other runs there was a con- 
siderable change in bath temperature, either up or 
down, between the chromium addition and the first 
sample. Furthermore, in the two cases where sam- 
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Fig. 10—Effect of temperature on the solubility of oxygen in molten Fe-Cr alloys. 


ples taken late in the runs also gave excessively high 
results for oxygen, both of these samplings were 
preceded by a small addition of ferric oxide (on the 
order of 0.02 pct O) 1 to 2 hr before sampling, at the 
temperature level of the sample, and with no inter- 
vening temperature change. 

It was concluded, therefore, that the additions in- 
duced in the melts an extra-equilibrium condition, 
analogous to supersaturation, that persisted until 
the temperature of the bath was changed signif- 
icantly. Consequently, the results from the samples 
in question were eliminated from further considera- 
tion and are not listed in Table VI. 

Although the specific mechanism of this extra- 
equilibrium effect is not known, the effect itself 
offers a reasonable explanation of the inconsistency 
of the original isothermal results. Since the nature 
of the isothermal runs required additions to the bath 
between successive samples while the temperature 
was maintained relatively constant, it is now evi- 
dent that many of the results must have been in- 
fluenced by the persistent extra-equilibrium effect. 
The specific mechanism of the effect, however, and 
its rather obvious practical implications with regard 
to the manufacture of chromium steels must be 
established by further investigation. 

Oxygen Solubility 

The adjusted oxygen contents of the constant 
chromium runs listed in Table VI were plotted on 
a semilogarithmic scale against the reciprocals of 
the absolute temperatures to give the family of 
curves shown in Fig. 10. It is apparent that at each 
chromium level the data are fitted excellently by a 
straight line from which the deviations of individual 
points are almost negligibly small. 

By interpolation from Fig. 10, it is now possible 
to construct isotherms for the solubility of oxygen 
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in molten Fe-Cr alloys. When such construction is 
attempted, however, it becomes immediately evident 
that the points interpolated from Fig. 10 for a plot 
of oxygen content vs chromium content at constant 
temperature cannot be connected by a continuous 
smooth curve. That is, the isotherms are indicated 
to contain inflections. Inflections in an oxygen solu- 
bility curve of this type are, of course, indicative of 
changes in the oxide phase in equilibrium with the 
metal, and in view of the occurrence of the different 
oxide phases described in the earlier section, such 
inflections in the curves might be expected in this 
system. 

Although strongly indicating discontinuities in the 
oxygen solubility curves, the observations listed in 
Table VI and the curves of Fig. 10 are, of them- 
selves, insufficient to establish the location of the 
inflections in more than a general way. Therefore, in 
order to define the limits of the oxide phase regions 
and thereby locate the inflection points with greater 
precision, inclusions in the Taylor samples and ingots 
from the constant chromium runs and in ingots from 
the isothermal runs were studied critically. These 
observations are reported in detail in Table VII and 
are summarized graphically in Fig. 11. On the basis 
of Table VII and Fig. 11, it appears that the boun- 
dary between the distorted spinel and Cr,O, phases 
can be located with reasonable certainty at a metal 
composition approximating 9 pct Cr. 

Inclusions extracted from the Taylor samples taken 
from the 9 pct Cr run at approximately 1550°, 1600°, 
and 650°C and from the 8 pet Cr run at 1565°€ 
gave extremely diffuse X-ray diffraction patterns 
that were not specifically identifiable. These results 
suggest that these samples were very close to the 
phase boundary, so that effective crystallization of 
either phase did not occur during the extremely 
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Table VII. Results of Inclusion Examination 


X-Ray Diffraction 
Patterns 


Identity of Inclusions 
(by Microscopy and 
X-rays) 


Chromium 
Tempera- Content, Microscopic 
Run Sample ture, °C Pet Observations 
CC-1 1 1647 0.07 A few small idiomorphic inclu- 
sions, deep red to opaque; 
isotropic. Many small round 
inclusions both random and 
in network; gray and opaque. 
2 1605 0.06 Similar to Sample 1, except in- 
clusions very small in size, 
3 1549 0.04 All inclusions extremely small. 
Ingot — 0.05 Small rod-shaped crystals and 
small round inclusions con- 
taining idiomorphic crystals. 
All gray, opaque, and iso- 
tropic. 
CC-3 1 1649 0.79 Small idiomorphic crystals, 
deep red to opaque; isotropic. 
3 1600 0.64 A few small idiomorphic crys- 
tals, deep red to opaque; iso- 
tropic. Many extremely small, 
poorly developed crystals in 
eutectic distribution; iso- 
tropic. 


6 1558 0.59 All extremely small, poorly de- 
: veloped crystals in eutectic 

distribution; isotropic. 
Ingot = 0.64 Large idiomorphic crystals, 
deep red to opaque; isotropic. 
Many small crystals in eu- 
tectic distribution; mainly 

opaque. 

CC-4 2 1604 1.76 A few small idiomorphic crys- 
tals, red and isotropic. Many 
extremely small, poorly de- 
veloped crystals in eutectic 
distribution; reddish and iso- 
tropic. 

3 1555 1.68 Many small, poorly developed, 
irregular crystals in eutectic 
arrangement; reddish and iso- 


tropic. 
4 1657 1.44 Mostly small, idiomorphic crys- 
tals, deep red and isotropic. 
Ingot — 1.44 Many idiomorphic crystals; few 


small inclusions in eutectic 
pattern. All opaque to red, 
isotropic. 

CC-5 2 1597 3.68 Mostly extremely small, poorly 
developed, elongated crystals 
in eutectic arrangement. 
Quite transparent, red and 
weakly anisotropic. 

5 1554 3.68 Similar to Sample 2 above. 


4 1600 3.39 A few deep red, moderately 
anisotropic idiomorphic crys- 
tals. Many very small, poorly 
developed crystals in eutec- 
tic arrangement, red and 
weakly anisotropic. 


5 1644 3.38 Mostly small, idiomorphie crys- 
tals, cherry red and weakly 
anisotropic. 

Ingot == 3.3 Many medium-sized idiomor- 


phic crystals. All deep red to 
cherry red and weakly ani- 
sotropic. 

CC-7 2 1600 5.38 A few idiomorphic crystals, red 
and weakly anisotropic. Many 
very small, poorly developed 
inclusions in eutectic ar- 
rangement, various shades of 
red and weakly anisotropic. 

og 1554 Disc Extremely small, rod-shaped in- 
clusions in eutectic arrange- 
ment. All weakly anisotropic 
and ranging from _ rather 
light to deep red. 

4 1599 5:33 Similar to Sample 2 above. 


Ingot —_ 5.12 A few medium-size idiomorphic 
erystals, opaque to red and 
weakly anisotropic. A few 
small inclusions in eutectic 
network red and yellow, both 
anisotropic but the yellow 
very strongly so. 

CC-8 at 1674 8.14 Mostly small idiomorphiec crys- 
tals, but a few very small, 
poorly developed crystals in 
eutectic arrangement. All red 
to orange-red and weakly 
anisotropic. 

2 1629 8.08 Entirely similar to Sample 1 
above. 


No X-rays taken 


No X-rays taken 


No X-rays taken 


FeO-Cr2Os, strong 


No X-rays taken 
No X-rays taken 


No X-rays taken 


FeO-Cr2Osz, very strong 


FeO:Cr2Os, strong 


FeO-Cr2Ozs, moderately 
strong 


FeO-Cr2Os, strong 


FeO-Cr2Os, very strong 


Distorted spinel, strong 


Distorted spinel, moder- 
ately strong 
Distorted spinel, strong 


Distorted spinel, strong 


Distorted spinel, excep- 
tionally strong and 
well developed pat- 
tern. 

Distorted spinel, fairly 
strong 


Distorted spinel, weak 
pattern 


Distorted spinel, strong. 
Chromite, weak 


Distorted spinel, strong 
and a trace of CrsQx. 


Distorted spinel, weak 
and diffuse pattern. 
Not well developed. 


Distorted spinel, diffuse 
pattern not well de- 
veloped. 


Chromite and wiistite, the 
chromite being primary. 


Chromite and wustite 


Too small for positive iden- 
tification. Probably chro- 
mite and wiustite. “4 

Chromite and chromite-wus- 
tite eutectic. 


Chromite 


Chromite 


Probably chromite 


Chromite 


Chromite 


Chromite 


Chromite 


Chromite 


Distorted spinel 


Distorted spinel 
Distorted spinel 


Distorted spinel 


Distorted spinel 


Distorted spinel 


Distorted spinel 


Distorted spinel. (Chromite 
probably resulted from 
disproportionation of dis- 
torted spinel.) 

Distorted spinel with minor 
amounts of CrsO, in eu- 
tectic. 


Distorted spinel 


Distorted spinel 


rapid solidification of the samples. Microscopie exam- probably Cr.O,, while those in the 1650°C sample 
ination of the few small primary inclusions in the were distorted spinel. The inclusions in the 1550°C 
1600° and 1650°C samples containing 9 pct Cr, how- sample of the 9 pct Cr heat were extremely small 
ever, indicated that those in the 1600°C sample were and poorly defined, but appeared to have the optical 
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Table VII. Results of Inclusion Examination—Continued 


Sample 


Tempera- 
ture, °C 


Chromium 
Content, 
Pet 


Microscopic 
Observations 


X-Ray Diffraction 
Patterns 


Identity of Inclusions 
(by Microscopy and 
X-rays) 


CC-9 


C-5 
CC-10 


CC-11 


Ingot 


Ingot 


Ingot 


Ingot 


4 
Ingot 


Ingot 


Ingot 


1565 


1608 


1551 


1600 


1652 


1594 


1548 


7.99 


7.99 


9.05 


9.05 


8.96 


9.07 


19.86 


21.75 


21.81 
24.76 


37.08 


36.96 


37.10 
42.20 


42.41 


46.48 


Inclusions too small to be re- 
solved at highest magnifica- 
tion used (X2000). 


Not many inclusions, All ap- 
peared as small irregularly 
shaped crystals in a _ net- 
work. This sample appeared 
entirely eutectic in character. 
Inclusions mostly red and 
yellow crystals, the red 
weakly anisotropic and the 
yellow strongly so. Some 
small, green, strongly aniso- 
tropic and a few red or 
opaque’ isotropic particles 
also present, 


A few small idiomorphic crys- 
tals, reddish yellow and 
strongly anisotropic. Many 
extremely small, irregularly 
shaped inclusions, yellow and 
yellowish-red, strongly ani- 
sotropic. 


All extremely small, elongated, 
poorly developed crystals in 
a eutectic pattern; reddish- 
yellow and strongly aniso- 
tropic. 


Similar to Sample 2 above. 


Numerous very small idiomor- 
phic crystals, cherry to light 
red and weakly to moder- 
ately anisotropic. 


A few idiomorphic crystals yel- 
lowish-red and strongly ani- 
sotropic. Some pseudospheri- 
cal inclusions with ragged 
edges, orange to green and 
anisotropic. Very small 
opaque, red, and yellow par- 
ticles in eutectic arrange- 
ment, the red weakly aniso- 
tropic and the yellow strongly 
so. 


Idiomorphic and irregular crys- 
tals, red, yellow with a few 
green. All strongly aniso- 
tropic. 

Idiomorphic and small, branch- 
ing-type crystals, reddish yel- 
low and strongly anisotropic. 
A few small opaque inclu- 
sions. A few green, aniso- 
tropic crystals. 


Same as Run C-1 above. 


Small, idiomorphic, orange-red 
crystals, strongly anisotropic. 


Numerous small idiomorphic 
crystals. Many extremely 
small, round, angular, and 


elongated inclusions in eutec- 
ticlike patterns. All reddish- 
yellow and strongly aniso- 
tropic. 

Mostly extremely small, poorly 
developed inclusions. An oc- 
casional small idiomorph. A 
few small round inclusions 
with ragged edges. All red 
and yellow and strongly ani- 
sotropic. 

Similar to Sample 3 above. 

A few large idiomorphic crys- 
tals, red to yellow and 
strongly anisotropic. 

Red, with occasional yellow, 
idiomorphie and _ dendritic 
crystals. Strongly anisotropic. 


Red, yellow, and green idio- 
morphie and dendritic crys- 
tals with red and yellow pre- 
dominating. All strongly ani- 
sotropic. The green inclusions 
contained minute particles of 
metal and had ragged edges. 


Very diffuse pattern in 
chromite, distorted spi- 
nel, CrgO4 series; un- 
identifiable. 

Very diffuse pattern not 
specifically identifiable. 


Very diffuse pattern be- 
longing to chromite- 
CrsO4 series, but not 
specifically identifi- 
able. 


Very diffuse pattern be- 
longing to chromite- 
CrsO4 series, but not 
specifically identifi- 
able. 


Very diffuse pattern be- 
longing to chromite- 
CrzsO4 series, but not 
specifically identifi- 
able. 


Very diffuse pattern, 
some indication of dis- 
torted spinel, but not 
specifically identifi- 
able. 

Rather diffuse patterns 
but showing CrsO,; 
weak; Cr2Oz weak; dis- 
torted spinel, trace; 
and FeO-Cr2Os, trace. 


Crz304, moderate; Cr2Os, 
weak; and FeO:Cr2Osz, 
weak and diffuse. 


Crz04. moderate; and 
chromite, weak. 


CrzO14, moderate; and 
chromite, weak. 


strong. 


Cr30,4, strong. 


Diffuse pattern indicat- 
ing CrgOu. 


Cr304, weak 


Cr304, very strong and 
well developed. 


Cr304, strong; and chro- 
mite, very weak and 
diffuse. 


Cr30,, strong and Cr2Os, 
moderate. 


Not identified 


Distorted spinel and CrsO, 
with minor amounts of 
Cr203 and chromite. 


Cr304 


CrzO4 


Cr3O04 


Distorted spinel 


Cr304 with minor amounts 
of Cr2O3, distorted spinel, 
and chromite. 


Crz04 with minor amounts 
of CreOs and chromite. 


CrsO4 with minor amounts 
of chromite and Cr2Os3. 


CrzO4 with minor amounts 
of chromite and CreOz. 


Cr304 


CrsO4 


Cr304 


Cr304 
Cr304 


CrzO.4 with trace of chromite. 


Cr304 with minor amounts 
of CreOs. 


properties associated with Cr,O,. Those in the sample 
taken from the 8 pct Cr run at 1565°C were insuf- 
ficiently developed for identification. The Taylor 
samples taken from the 8 pct Cr run at 1629° and 
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1674°C 


contained primary 


inclusions that were 
identified both microscopically and by X-rays as 
distorted spinel, although the diffraction pattern in 
the case of the 1629°C sample was again somewhat 
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Fig. 11—Inclusions precipitated in Taylor samples and ingots of 
Fe-Cr alloys. 


diffuse. In addition, most of the inclusions in an 
ingot containing 7.99 pct Cr appeared to be in a 
characteristic eutectic distribution, gave a very dif- 
fuse X-ray diffraction pattern, and were identified 
microscopically as probably distorted spinel and 
Cr,O, with lesser amounts of Cr.O; and chromite. 
On the other hand, Cr,O, was definitely identified 
as a major constituent of the inclusions in an ingot 
containing 9.07 pct Cr. 

It is considered, therefore, that the boundary sep- 
arating the distorted spinel and Cr,O, regions les 
at chromium contents in the liquid metal slightly 
higher than 9 pct at 1650°C, and slightly lower than 
9 pet, possibly around 8 pct, at temperatures ap- 
proaching the solidification point of the metal. This 
conclusion implies that, at temperatures above 
1550°C at least, metal containing 8 pct Cr is in equi- 
librium with the distorted spinel phase, while at 
temperatures from the freezing point up to approxi- 
mately 1650°C, metal containing 9 pct Cr is in equi- 
librium with the Cr,O, phase. In this connection, the 
different slopes of the 8 and 9 pct Cr curves in Fig. 
10 are notable. 

The boundary separating the FeO: Cr.O,; phase from 
the distorted spinel phase, however, is located with 
somewhat less certainty. From Table VII and Fig. 11 
it may be concluded only that the boundary must 
fall within the rather broad range of from 1.75 to 
3.3 pet Cr. Fortunately, however, this range can be 
narrowed considerably on the basis of X-ray diffrac- 
tion results on a few slag samples taken from some 
of the early isothermal runs. These observations are 
recorded in Table VIII. They suggest that the boun- 
dary lies above 2.7 pct Cr at 1600°C, below 2.7 pct 
In addition, the distorted spinel inclusions in the 
ingot containing 3.39 pct Cr from run CC-5, Table 
VII, were thoroughly developed, but no chromite 
inclusions were observed in this ingot—a good indi- 
cation that this composition is well within the dis- 
torted spinel field even at temperatures approaching 
the solidification range of the metal. It appears, 
therefore, that in the temperature range from 1550° 
to 1650°C the boundary between chromite and dis- 
torted spinel falls between 2.5 and 3 pct Cr in the 
metal and slopes toward lower chromium contents 
at high temperatures. 

With the foregoing considerations regarding loca- 
tions of the oxide phase boundaries in mind, oxygen 
solubility isotherms for 1550°, 1600°, and 1650°C 


264—JOURNAL OF METALS, FEBRUARY 1955 


were constructed by plotting on a logarithmic scale 
chromium and oxygen contents interpolated from 
Fig. 10, and fitting to the points within individual 
phase regions the best smooth curves that would 
both pass through the interpolated points and, with- 
out distortion, intersect as required. This construc- 
tion is illustrated by Fig. 12. It is evident that the 
resulting curves are in complete agreement with the 
data and are remarkably consistent with each other 
at the different temperatures. 

In Fig. 13 the oxygen solubility curves derived 
from the constant chromium runs as shown in Fig. 
12 are compared with the original isothermal results. 
It will be observed that the lower limits of the 
scatter bands of the isothermal data are fitted quite 
well by the curves with none of the points falling 
significantly below the lines. Consequently, this com- 
parison appears to offer further confirmation of the 
curves. 

As far as the solubility of oxygen in molten Fe-Cr 
alloys is concerned, then, the results of the present 
investigation can be summarized as shown in Fig. 14. 
With increasing chromium content, the oxygen solu- 
bility decreases, reaching 0.017, 0.025, and 0.034 pct 
at 6 pct Cr and 1550°, 1600°, and 1650°C, respec- 
tively. With further increase in chromium concen- 
tration, the oxygen solubility rises although for prac- 
tical purposes it may be considered to be substan- 
tially constant within the range of 6 to 10 pct Cr. 
In metal containing 40 pct Cr, it appears to be on 
the order of 0.057, 0.073, and 0.095 pct at 1550°, 
1600°, and 1650°C, respectively. The minimum in 
oxygen solubility is notable. It implies that in low 
chromium alloys chromium is a deoxidizer for iron, 
while in high chromium alloys iron is a deoxidizer 
for chromium, and it may have special significance 
in regard to the deoxidation and inclusion problem 
in high chromium steels and alloys. With reference 
to low alloy steel, chromium in concentrations up 
to 1.5 pet appears to be practically identical to man- 
ganese in deoxidizing power. 


The Fe-Cr-O Liquidus Surface 


On the basis of observations made during the 
present investigation and the published diagrams for 
the Fe-O and the Fe-Cr binary systems,” a qualita- 


- tive liquidus surface diagram for the metal and 


oxide portion of the Fe-Cr-O system has been de- 
duced as shown in Fig. 15. The melting point of 
chromium has not been established with certainty, 
but the recent work of Bloom and coworkers™ ” in- 
dicates that it is slightly over 1900°C, and possibly 
as high as 1930°C. The melting point of Cr.O, is 
reported by Bunting™ to be 2275°C. The melting 
points of the oxides, FeO-Cr.O,, distorted spinel, and 
Cr,O, are unknown; but from observations of the 
slags formed during the oxidizing period of chro- 
mium steel heats, they are presumed to be relatively 


100 T T T T T T T T 
0.50+ 
1650°C 
0.20F 600°C \ Distorted 4 
z 
w 1550°C Spinel ' ss 
© MS 
> 0.10 
x< 
x So. 
0.02} 4 
\ 
oo! 002 005 AIO QA20 O50 100 200 50010.0 200 500 100 


CHROMIUM 


Fig. 12—Oxygen solubility curves interpolated from Fig. 10. 
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Table VIII. Constituents in Slag Samples from Low Chromium Heats 


Slag Tem- 
Sam- per- Pet 
Run ple ature, Crin 
No. No. °C Metal Constituents Identified by X-Rays 
C-6 2 1648 1.78 FeO-Cr20sz solid solution 
3 1655 2.59 Distorted spinel 
C-9 4 1598 2.66 FeO-CrzO3 solid solution 
5 1595 3.49 Distorted spinel + Trace Fe:CroO; 
solid solution 
C-11 33 1607 1.82 FeO: Cr2O3 solid solution 
4 1596 3.87 Distorted spinel + Trace Fe:CrO: 
solid solution 
C-12 1 ~1780 Zot Distorted spinel 


high, that is, in excess of 1800°C. Melting points in 
the Fe-O system are, of course, well established and 
range from 1539°C for iron to 1371°C for the iron- 
wustite eutectic. Observations made during melting 
electrolytic chromium in air in a magnesia crucible 
have indicated that a liquid slag forms on the metal, 
thereby demonstrating the presence of a liquid mis- 
cibility gap between molten chromium and chro- 
mium oxide. Further evidence of such a miscibility 
gap is illustrated by Fig. 16. Fig. 16 is a micrograph 
of the inclusions in a small ingot of high purity chro- 
mium saturated with oxygen that was melted under 
argon in a tungsten arc furnace. The inclusions were 
identified as primarily Cr,O, and some Cr.O, which 
presumably resulted from the disproportionation of 
Cr,O, during cooling. It is evident that many of these 
inclusions were formed by precipitation of an im- 
miscible liquid phase during solidification of the 
metal. It would be expected, then, that this mis- 
cibility gap extends into the system from the Cr-O 
side and joins the Fe-O miscibility gap, thus form- 
ing a continuous region of liquid immiscibility be- 
tween the metal and oxide phases. 

The appearance of the inclusions in Fig. 16 also 
demonstrates the occurrence of a metal-oxide eutec- 
tie situated between the miscibility gap and Cr,O,. 
Figs. 4 and 5, however, show that primary crystals of 
Cr,O, are precipitated from liquid metal in the high 
chromium range. Consequently, in at least part of 
this region the metal-oxide eutectic must he be- 
tween the miscibility gap and the Fe-Cr side of the 
diagram. Therefore, the Cr-Cr,O, eutectic progresses 
into the diagram, intersects the miscibility gap at a 
constant temperature tie line, and continues on the 
metal side of the miscibility gap toward lower chro- 
mium contents as indicated in the diagram. The 
specific location of this intersection of the metal- 
oxide eutectic with the miscibility gap is not known, 
but it is probably relatively close to the Cr-O side of 
the system. 

It is not clear whether Cr,O, and Cr,O, form a 
peritectic or eutectic system. Because of the dis- 
proportionating character of Cr,O, and by analogy 
with the Fe-O system, however, it has been assumed 
that Cr,O, melts incongruently and forms by a peri- 
tectic reaction between Cr.O, and the liquid. Simi- 
larly, it is not clear whether FeO-Cr.O, and distorted 
spinel are eutectic or peritectic with each other. It 
has been assumed that distorted spinel forms peri- 
tecticly from FeO-Cr.O, and the liquid on the basis 
of the similarity of the crystal structures of these 
two phases and the apparent disproportionating 
nature of distorted spinel. Consequently, the portion 
of the diagram enclosing these four phases is highly 
speculative. 

The Cr.O,-Cr,O, peritectic extends into the dia- 
gram from the Cr-O side and is immediately joined 
by a distorted spinel-Cr.O, eutectic at a ternary 
peritectic point to form the boundary between dis- 
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Fig. 13—Comparison of derived solubility curves with isothermal 
results. 


torted spinel and Cr,O, phases. From the results of 
the inclusion studies, this boundary is believed to be 
binary eutectic in nature. It intersects the miscibility 
gap along a tie line and continues on the metal side 
of the miscibility gap to join the metal-oxide eutec- 
tics between metal and Cr,O, and between metal 
and distorted spinel at a ternary eutectic composed 
of metal, Cr,O,, and distorted spinel. The location of 
this ternary eutectic point is considered to be reason- 
ably well established at approximately 8 pct Cr and 
on the order of 0.015 pct O. The observations listed 
in Table VII show that an ingot containing approxi- 
mately 5 pct Cr exhibited primary distorted spinel 
inclusions with a small amount of Cr,O, inclusions as 
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Fig. 14—Effect of chromium on the solubility of oxygen in molten 
Fe-Cr alloys. 
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FIELDS OF PRIMARY 
CRYSTALLIZATION 


lod Fe-Cr ss. 

S = 
R = Cr,0,;—Fe.0, ss. 

D = Distorted Spinel 

W = FeOss. 

T = ss. 


(Distorted 
Spinel 


Fig. 15—Qualitative diagram of the liquidus 
of the Fe-Cr-O system. 


a secondary phase, while an ingot of 9 pct Cr con- 
tent contained primary Cr,O, inclusions. The inclu- 
sions in an 8 pct Cr ingot were practically all the 
result of freezing of a metal-oxide eutectic as illus- 
trated in Fig. 17. Petrographic examination of a 
residue extracted from this ingot indicated that the 
inclusions were distorted spinel, Cr,O,, Cr.O;, and 
chromite (FeO-Cr.O,;), the latter two constituents 
presumably occurring as the result of disproportion- 
ation of the others. The temperature of this eutectic 
is inferred to be on the order of 1500°C. In any case, 
it cannot lie above the temperature of the minimum 
point in the Fe-Cr system which is approximately 

The chromite-distorted spinel peritectic also in- 


Fig. 16—Inclusions in 

: ingot of oxygen-satu- 
rated high purity chro- 
mium. X250. 


Fig. 17—Inclusions in 
ingot of 8 pct Cr alloy. 
X250. 
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tersects the miscibility gap and continues on the 
metal side, joining the metal-chromite eutectic to 
form a metal-distorted spinel eutectic that eventu- 
ally reaches the ternary eutectic point at 8 pct Cr. 
On the basis of the discussion in the previous section 
regarding the location of the FeO-Cr,O,-distorted 
spinel phase boundary on the metal side, it appears 
that the ternary peritectic point may be situated 
quite close to 3 pet Cr. 

The metal-chromite eutectic that occurs in the 
corner of the system, as shown earlier by Fig. 2, is 
believed to move downward in temperature on 
either side of a join between Fe and FeO-Cr,O;. As 
already described, at higher chromium contents it 
must join with the FeO-Cr.O,-distorted spinel peri- 
tectic. On the other hand, the inclusions in an ingot 
containing 0.05 pet Cr were identified as chromite 
and wiustite, an observation strongly indicating that 
on the low chromium side the metal-chromite eutec- 
tic joins with a wistite-chromite eutectic at an in- 
variant point. These inclusions are illustrated in 
Fig. 18 from which it is apparent that they consisted 
of primary crystals and a substantial number of in- 
clusions precipitated as an immiscible liquid phase 
during solidification of the ingot. Consequently, the 
metal-chromite eutectic must intersect the miscibil- 
ity gap at very low chromium concentration and 
continue on the other side to a ternary eutectic of - 
metal, wustite, and Fe,O,-rich chromite. 

Although qualitative in nature, this diagram fits 
the observations quite well. Within its limitations it 
is considered a useful guide to the interpretation of 
phase relations and of the progress of solidification 
in the Fe-Cr-O system. 


Isothermal Fe-Cr-O Diagram 

An isothermal diagram of the system at 1600°C 
was derived on a fairly quantitative basis and is 
shown in Fig. 19. During the early stages of this in- 
vestigation, a charge of Armco iron was melted in 
air in a chromite crucible and held for a considerable 
period of time at approximately 1600°C. Chemical 
analysis of a Taylor sample taken from this melt at 
the end of the holding period indicated a chromium 
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content of 0.024 pct. This observation established the 
L, corner of the L,—L.—S triangle of Fig. 19. In their 
study of oxidation of Fe-Cr alloys at 1600°C, Went- 
rup and Knapp observed a marked difference in the 
chromium to iron ratio in slags formed from metal 
containing 0.02 and 0.03 pct Cr. At 0.02 pct Cr in the 
metal, they reported a liquid slag having a chro- 
mium to iron ratio of approximately 1 to 10. The L, 
or liquid oxide corner of the triangle, therefore, is 
placed at a chromium to iron ratio just slightly 
higher than 1 to 10, and an oxygen content slightly 
less than that in FeO. At 0.03 pct Cr in the metal, 
Wentrup and Knapp reported a mushy slag with a 
chromium to iron ratio of about 1 to 5. Consequently, 
the S or chromite corner of the three-phase triangle 
is considered to lie at a chromium to iron ratio just 
a little higher than 1 to 5, and at an oxygen content 
slightly below the Fe,O,-FeO-Cr,O, join. (In con- 
nection with the chromite phase, it is important to 
note that Fe,O, and FeO-Cr.O, are isomorphous 
spinels and are presumed to form a continuous series 
of solid solutions.) 

The L, or liquid metal corners of the L, — D— S$ 
and the L, — D — T triangles were established by the 
oxygen solubility curves. In the absence of evidence 
to the contrary, the S corner of the L, — D — S tri- 
angle was located at the FeO-Cr.O; composition as 
the end member in the chromite solid solution series. 
Since the X-ray diffraction observations indicated 
that the distorted spinel field covered a range of 
compositions, the D corners of the two triangles were 
located at opposite ends of that field. The position 
and extent of the D field itself is based upon the fol- 
lowing considerations: 1—Vacuum fusion analysis 
of distorted spinel inclusions extracted from an ingot 
in the 3 to 9 pct Cr range indicated an oxygen con- 
tent of 28.5 pct. 2—In the manufacture of chromium 
steels by the conventional are furnace techniques, it 
has been observed that after the oxidation period the 
slags on heats containing from 3 to 9 pct Cr have 
chromium to iron ratios ranging from approximately 
2.5 to 1 to 3 to 1. The extent of the T or Cr,O, field 
and the position of the T corner of the L,—D—T 


* 
Fig. 18—Inclusions in 
ingot of 0.06 pct Cr 
alloy. X250. 


triangle were estimated mainly from the results of 
chemical analyses of inclusions extracted from melts 
containing more than 9 pct Cr, as described in a 
previous section. These analyses indicated that the 
Cr,O, phase contained about 29.3 pet O and up to 
about 8 pct Fe although, in view of the relative con- 
stancy of the lattice parameter of Cr,O,, it is doubted 
that the iron content greatly exceeds 8 pct. 

The L, and @ corners of the L;—a—T triangle are 
estimated from extrapolation of the 1600°C oxygen 
solubility curve and the Fe-Cr diagram. The T 
corner of this invariant region is arbitrarily located 
on the boundary of the T field at less than 8 pct Fe 
because, as discussed earlier, chemical analysis of 
the Cr,O, inclusions extracted from an ingot con- 
taining 42 pet Cr indicated an iron content of ap- 
proximately 7 pct in the inclusions. Since the T 
corner of the L,—a—T triangle denotes oxide in 
equilibrium with liquid metal containing consider- 
ably more than 42 pct Cr, the iron content of this 
oxide must be less than the iron content of the oxide 
in equilibrium with the lower chromium metal. 

The high oxygen side of this diagram is, of course, 
completely unknown and has been left open. On the 
basis of phase rule considerations, however, the 
phase regions that probably occur have been indi- 
cated. 

While this diagram has been constructed specifi- 
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cally for the temperature of 1600°C, it is apparent 
that with very slight modification it can apply over 
quite a range of temperatures above the melting 
point of iron. At 1650°C, for example, the L,—L.—S 
triangle will move slightly toward higher chromium 
concentrations; the L, corners of the L,—D—S and 
the L,—D—T triangles will shift very slightly toward 
lower and higher chromium concentrations respec- 
tively; the L.—a—T triangle also will move toward 
higher chromium concentration by a small amount 
predictable from the diagram of the Fe-Cr system. 
Since no assumptions with regard to the various 
eutectics or peritectics among the oxide phases were 
involved in its derivation, this diagram is much less 
speculative than the liquidus surface diagram in 
Fig. 15. Some uncertainty regarding the specific 
locations of the invariant points along the oxide 
phase boundaries is evident; but it is felt that these 
discrepancies are of small magnitude and relatively 
unimportant for practical purposes, so that the dia- 
gram is considered to be an adequate representa- 
tion of phase relations between molten metal and 
solid oxides in the Fe-Cr-O system. Within the tem- 
perature range of interest in the melting of chro- 
mium steels, the diagram demonstrates that metal 
of very low (on the order of 0.02 pct) chromium 
content is in equilibrium with a liquid slag of vari- 
able composition very rich in iron oxide; metal con- 
taining up to 2.5 to 3 pet Cr is in equilibrium with a 
solid chromite phase ranging from a composition 
rich in Fe,O, to FeO-Cr.O,; metal of intermediate 
chromium content in the approximate range of 3 to 9 
pet is in equilibrium with an oxide phase varying in 
composition within a small range intermediate be- 
tween FeO-Cr,O, and Cr,O0,; and metal containing 
more than about 9 pet Cr is in equilibrium with a 
solid oxide approximating the composition Cr,O, in 
which a small amount of iron may substitute for 
chromium. The diagram further indicates that in 
contradiction to the conventional assumptions Cr.O, 
does not occur as a phase in equilibrium with the 
liquid metal. 


Summary 


The effect of chromium on the solubility of oxygen 
in molten Fe-Cr alloys containing up to approxi- 
mately 50 pct Cr has been determined in the tem- 
perature range 1550° to 1650°C. With increasing 
chromium concentration, the oxygen solubility is 
lowered, reaching minima of about 0.017, 0.025, and 
0.034 pct O at 6 pct Cr and temperatures of 1550°, 
1600°, and 1650°C. With further increase in chro- 
mium content, the oxygen solubility rises and, in 
metal containing 40 pct Cr, attains levels of 0.057, 
0.073, and 0.095 pct O at temperatures of 1550°, 
1600°, and 1650°C, respectively. During evaluation 
of the oxygen solubility data, it was found that ad- 
ditions of chromium or oxide to the molten bath 
without a subsequent change in bath temperature 
led to anomalous results. 

Two previously unreported oxides with unique 
optical properties were recognized and subsequently 
identified as primary phases in the Fe-Cr-O system. 
One, having the composition Cr,O, with up to about 
8 pct Fe substituting for chromium, was indexed as 
a tetragonal crystal with an axial ratio of 0.86 in the 
absence of iron and 0.88 when saturated with iron. 
The other, designated “distorted spinel,” appears to 
be intermediate in composition between FeO:Cr.O, 
and Cr,Q,. It has also been indexed as tetragonal, but 
with an axial ratio varying from 0.95 to 0.98. Both 
of these phases are stable only at high temperatures 
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and at temperatures below the freezing point of the 
metal may be disproportionated, distorted spinel 
yielding FeO-Cr.O, and Cr,O,, and Cr,O, yielding 
Cr,O, and chromium-rich metal. 

Relations among the oxide phases and molten Fe- 
Cr alloys were established and have been repre- 
sented in ternary diagrams. At usual steelmaking 
temperatures metal containing on the order of 0.02 
pet Cr is in equilibrium with a liquid oxide rich in 
FeO, and metal containing from about 0.02 to 3 pct 
Cr is in equilibrium with solid oxides in the chro- 
mite-magnetite solid solution series. At higher chro- 
mium concentrations in the liquid metal, the tetra- 
gonal oxides, distorted spinel and Cr,O,, appear 
successively as the equilibrium phases, the former 
being associated with metal in the 3 to 9 pct Cr range 
and the latter with alloys over 9 pct Cr up to chro- 
mium itself. A ternary eutectic involving metal, 
Cr,O,, and distorted spinel is located in the vicinity 
of 8 pct Cr and 0.015 pet O and freezes at a tempera- 
ture of approximately 1500°C. 
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Embrittlement of Molybdenum by Neutron Radiation 


by C. A. Bruch, W. E. McHugh, and R. W. Hockenbury 


Commercially pure molybdenum specimens were irradiated in the Materials Testing Re- 
actor for an estimated exposure of 1.9 to 5.9x102° thermal nvt. Prior to irradiation, the 
material was ductile in the tension test; whereas after irradiation, it was brittle. The re- 
sults of tension tests conducted at various temperatures revealed that the transition tem- 
perature for this material had been increased from —30° to +70°C as a result of the 
radiation exposure. From metallographic studies, it is concluded that the embrittlement is 
due to submicroscopic changes which raise the flow stress-temperature curve of the material. 


RIOR to ten years ago, the bombardment of 

metals with high speed heavy particles such as 
protons, deuterons, a particles, and neutrons was 
primarily of academic interest. These particles ex- 
isted in extremely small numbers in a few labora- 
tories and only under very special conditions. With 
the introduction of the nuclear power reactors, these 
particles are now available in enormous quantities 
and it has become important from a practical stand- 
point to learn how well metals withstand severe 
reactor radiations. The principal radiations of con- 
cern in reactors are neutrons and y rays, since the 
heavier charged particles exist only in limited regions 
of reactors. Seitz,’ in a theoretical approach, has 
shown that all of these high energy particles, except 
y rays, have enough energy to knock atoms from 
lattice sites and that these knocked-on atoms have 
enough energy to cause additional displacements of 
neighboring atoms. The result of this process would 
be a lattice containing many imperfections in the 
form of interstitial atoms and vacancies. Hence, it 
would be expected that the properties of metals can 
be changed by reactor radiations, and such has been 
found to be the case. 

Only a limited amount of data have been pub- 
lished in the open literature,” * and these data have 
been for relatively low integrated-neutron-flux ex- 
posures. In general, one effect of reactor radiations 
on the mechanical properties of metals has been to 
increase strength and decrease ductility. 

It is now possible to irradiate specimens in the 
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Fig. 1—Tensile specimens were prepared according to the specifica- 
tions shown in the figure. 


Materials Testing reactor at much higher fluxes and 
to higher integrated exposures than previously pos- 
sible.“ The data which are being presented here de- 
scribe the effects of a relatively high exposure on 
some mechanical properties of molybdenum. 


Experimental Procedures 

Material: The molybdenum used in this investiga- 
tion was obtained from the Climax Molybdenum 
Co. The two heats from which the material origi- 
nated were melted under a vacuum of 5 to 30 microns 
and cast in 7 in. diam water-cooled copper molds. 
One ingot contained 0.061 pct C and the other 0.066 
pet. Both ingots were hot worked by extrusion and 
rolling into % in. diam rods, after which they were 
annealed and straightened. 

The rods were subsequently heated to 1100°C ina 
hydrogen atmosphere and swaged to % in. diam rods 
at the Research Laboratory of the General Electric 
Co. The resulting material had an average hardness 
of 264 VPN, or 99.2 RB, and had an average of 5000 
grains per sq ml in the transverse section. 

Test Specimens: Substandard-size tensile speci- 
mens were prepared according to the specifications 
shown in Fig. 1. These specimens were used also for 
hardness measurements. 

The metallographic specimens were small disks 
which were polished, etched, and photographed at 
X1000 prior to irradiation. The field studied was 
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a—Molybdenum 
etched, prior to ir- 
radiation. 


c—Same as b, except 
etched 30 sec. 


b—Same as a, after 


irradiation without 
additional polishing 
or etching. 


d—Same as c, except 
etched an additional 
60 sec. 


Fig. 2—Micrographs of the same field for various conditions. Etched with 1 part 10 pct NaOH 
in water and-1 part 10 pct KsFe(CN)« in water. X1000. Area reduced approximately 35 pct for 
reproduction. 


identified by means of a Knoop hardness indentation. 

Irradiation: 12 tensile specimens and 6 metallo- 
graphic specimens were enclosed in two aluminum 
capsules, each approximately 24 in. long. These were 
irradiated in active lattice position L-41 of the 
Materials Testing reactor for 22 days. The estimated 
exposure for these specimens varied from 1.9x10” to 
5.9x10” thermal nvt, due to variations in the flux 
about the reactor horizontal center plane. The tem- 
perature of the specimens during the exposure was 
approximately 90°C. 

Test Equipment: A motorized Rockwell hardness 
tester, model 3QR modified for remote operation, 
was used for hardness testing. 

A special remotely operable metallograph, de- 
scribed elsewhere,’ was used for metallographic 
examinations of the irradiated specimens. A con- 
ventional metallograph was used for the specimens 
in the unirradiated condition. 

Tensile tests were performed on two testing ma- 
chines, one a standard hydraulic machine and the 


Table |. Hardness Test Results 
Re* Ra* 
Aver- 
Material Average Minimum, age Minimum, 
Condition Value Maximum BHN Value Maximum BHN 
Unirradiated 23.0 19.7 to 24.9 242 62.0 59.9t063.0 243 
Irradiated 28.5 24.2 to 31.7 275 64.9 62.8to66.5 280 
Change +5.5 +3.9 to +7.7 


+33 +2.940.5to +44 437 


* Each number in the table represents the average of test re- 
sults for 12 specimens. At least three Rockwell hardness measure- 
ments of each kind were made per specimen. 


282—JOURNAL OF METALS, FEBRUARY 1955 


other a screw-loaded horizontal machine built for 
remote operation. The rate of cross-head motion 
during each test was held constant, with exceptions 
noted, at 0.010 in. per min corresponding to an 
initial strain rate of 1.3x10% sec”. Testing at other 
than room temperature was done with the specimen 
immersed in a liquid bath during the test. Acetone 
cooled by dry ice was used for low temperatures and 
water heated by immersion heaters was used for the 
higher temperatures. For the room temperature 
tests, the screw-loading machine was used, as well 
as a remotely operable extensometer built at this 
laboratory. The extensometer has two active linear 
differential transformers. The signal from one acti- 
vates a recorder which magnifies the extension of the 
gage length of the specimen (approximately 0.75 
in.) 10 times; the signal from the other activates a 
recorder which magnifies the extension either 100 or 
1000 times. Since the recorders were of luad-elonga- 
tion type, two load-extension diagrams were recorded 
autographically and simultaneously. Strain gages 
were not used in the tests of specimens immersed in 
liquid baths. 

All tensile test values, such as yield strength, per- 
centage of reduction in area, and so forth, were 
obtained by conventional methods. 


Experimental Results 
Metallographic Examination: In Fig. 2 are micro- 
graphs originally magnified X1000 of the same field 
for the following conditions: 2a, etched prior to 
irradiation; 2b, same as a after irradiation without 
additional polishing or etching; 2c, same as b ex- 
cept etched 30 sec; and 2d, same as c, except etched 
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an additional 60 sec. The etchant consisted of 1 part 
of 10 pect NaOH in water and 1 part of 10 pct 
K,Fe(CN), in water. 

Neither the micrographs nor the microscopic ex- 
amination revealed any visible change in the micro- 
structure as a result of the irradiation. In Fig. 2, the 
microstructure of 2b looks different from 2a in that 
the grain interiors are speckled. Part of this differ- 
ence is due to differences in the illumination 
characteristics of the two metallographs used and 
part is due to surface contamination accumulated 
during the irradiation. As the specimen was progres- 
sively overetched, 2c and d, the interior of the grains 
became more deeply pitted and the grain boundaries 
more deeply etched, giving the double boundary 
effects characteristic of overetched surfaces. How- 
ever, there was no evidence of grain-boundary mi- 
gration, new grain boundaries, or new phases. 

Hardness Testing: The results of the Rc hardness 
tests taken on the flat ends of the tensile specimens 
are summarized in Table I. This table also gives 
BHN, as converted from the Rockwell hardness 
measurements. 

As a result of the irradiation, the molybdenum 
hardened by approximately 35 BHN. No correlation 
was found between the hardness increase and the 
position of the specimen with respect to the reactor 
horizontal center plane. In other words, the amount 
of hardening was independent of the integrated 
thermal flux in the range studied. 

Tensile Testing: 12 specimens were tested at var- 
ious temperatures. Five specimens were unirradiated, 
five were irradiated, and two were unirradiated but 
“aged” for thirty days at 90°C to simulate the 
thermal history of the irradiated specimens. Com- 
plete load-elongation curves were obtained for the 
tests which were conducted at room temperature, 
whereas only a limited amount of data was obtained 
for each of the other six specimens tested in liquid 
baths. 

In Fig. 3 are load-elongation curves for two irra- 
diated and two unirradiated specimens which were 
tested at room temperature. These curves show that, 
prior to irradiation, the material had a sharp yield 
point and considerable ductility as measured by 
elongation. After irradiation, the material was com- 
pletely brittle, and each specimen fractured in two 
places. Multiple fracture of brittle materials also has 
been observed elsewhere.* 

In Fig. 4 are load-elongation curves for the two 
specimens which were “aged” at 90°C for 30 days; 
for comparison, the curves for the two unirradiated 
specimens are also included. It can be seen that the 
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Fig. 3—Load vs elongation at room temperature for irradiated and 
unirradiated molybdenum. 
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Fig. 4—Load ys elongation at room temperature for molybdenum, 
“aged” at 90°C for 30 days, and unirradiated molybdenum. 


90°C heating had very little effect, if any, on the 
tensile properties of the material. The results indi- 
cate that the “aging”’ may have slightly reduced the 
tensile strength and elongation, but these differences 
are not considered significant. 

The data obtained from all of the tensile tests 
have been summarized in Table II, in which the fol- 
lowing results are considered significant: 

1—The unirradiated material was ductile in tests 
conducted at room temperature and at —20°C as 
evidenced by the relatively high values of percent- 
age of reduction in area and elongation; whereas at 
—40° and —60°C, the material was completely brittle. 

2—The unirradiated material “aged” at 90°C had 
essentially the same tensile properties at room tem- 
perature as the unaged specimens. 

3—The irradiated material was completely brittle 
in tests conducted at room temperature and at 
+60°C. At +80° and +100°C, the irradiated mate- 
rial was ductile. 


Table Il. Data from All Tensile Tests 


Integrated 
Specimen Thermal- Test Upper Tensile* Fracture Pet 

Desig- Neutron- Tempera- Yield Point, Strength, Stress, Pet Reduction 
nation Condition Flux ture, °C Psi x 108 Psi x 108 Psi x 108 Elongation in Area 

i +22 102.5 100.8 214.0 45.7 72.4 
+22 93.8 98.8 193.0 41.7 65.0 
M-44 Unirradiated — —20 125.5 120.0 243.0 32.8 63.8 
M-58 Unirradiated — —40 —_— 123.0 123.0 0 0 
M-36 Unirradiated — —60 — 142.0 142.0 0 0 
M-35° +24.6 94.4 97.7 182.6 40.8 67.4 

-4 Irradiated 5.1x102 +21. i 
Irradiated 5.1x1020 + 22.4 _ 109.7 109.7 0 0 
M-21 Irradiated 5,.85x1020 +60 — 148.5 148.5 0 0 
M-37 Irradiated 5.85x1020 + 80.5 143.5 143.5 185.0 14.7 60.7 
M-64 Irradiated 5.8x1020 +100 111.5 111.5 134.0 10 59.7 


* Maximum load divided by original area. 
+ Unirradiated specimen heated for 30 days at 90°C. 
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Fig. 5—Effect of temperature, grain size, and neutron radiation on 
the percentage of reduction in area of molybdenum tensile speci- 
mens. 


In Fig. 5 are graphs of percentage of reduction in 
area vs temperature for both the unirradiated and 
irradiated specimens. Included in this figure are 
data reported by Bechtold‘ for arc-cast molybdenum. 
For purposes here, the transition temperature will 
be defined as the inflection point of the curves, which 
occurs in all cases at approximately 40 pct reduction 
in area. Irradiation has changed the transition tem- 
perature from approximately —30° to approximately 
+70°C, an increase of about 100°C. The transition 
temperature for the irradiated material is the same 
as for unirradiated material having approximately 
200 grains per sq ml. 


Discussion 

The commercially pure molybdenum used in this 
investigation was a normal material and comparable 
to that used by other investigators. For example, in 
Fig. 6 are graphs of both the yield strength at room 
temperature and the transition temperature vs the 
reciprocal of the average grain diameter, using data 
reported by Bechtold’ and those data obtained in 
this investigation. Curves have been drawn through 
the points and the agreement is good. The material 
used in this investigation behaves in the manner 
which would be predicted from the data of Bechtold. 

The irradiation hardening was moderate, and as 
such, did not indicate the significant changes which 
had occurred in the room temperature tensile prop- 
erties. Tabor® has shown that there is a direct corre- 
lation between indentation hardness and yield stress; 
hence, an increase in hardness implies an increase in 
yield stress, a shift in the flow stress-temperature 
curve, and a possible shift in the transition temper- 
ature. However, in order to determine the effect of 
some variable on the transition temperature, it is 
necessary to use a destructive test such as the ten- 
sion or notched-bar impact. 

The results of the tensile tests show clearly that 
irradiation has embrittled molybdenum in that the 
transition temperature increased from approximately 
—30° to +70°C. It has been pointed out already 
that this corresponds to a transition temperature for 
unirradiated molybdenum having approximately 
200 grains per sq ml. Since the material had approx- 
imately 5000 grains per sq ml prior to radiation and 
since metallographic examinations have shown that 
there were no microscopically visible changes in 
the structure, it must be concluded that the radia- 
tion embrittlement was caused by submicroscopic 
changes. 
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The gross effect of radiation has been to change 
the relative position of the flow curve with respect 
to the fracture curve. To illustrate this point, in 
Fig. 7 are plotted yield stresses and fracture stresses 
vs temperature for irradiated molybdenum as well 
as unirradiated material having various grain sizes. 
Some of the data were obtained from Bechtold’s re- 
sults.’ Two curves have been drawn for each condi- 
tion of the metal, and these have been separated by 
a vertical line which represents the highest tem- 
perature at which the reduction in area of the test 
specimen was zero. The curve to the right of the 
vertical line is the yield stress or flow stress-temper- 
ature curve, that to the left is the fracture curve. 
The best average flow stress-temperature curves 
consistent with the limited amount of data were 
drawn through the yield-stress points. Average frac- 
ture curves were drawn through the fracture-stress 
points, and these were drawn horizontally because of 
the very limited amount of data. All points agree 
fairly well with the curves as drawn except the one 
for the irradiated specimen which had a fracture 
stress of 109,700 psi at room temperature. This speci- 
men showed a nonlinear behavior in the early part 
of the tension test. The reason for the behavior is not 
understood, although it may have been due to speci- 
men misalignment or slippage of the strain gage. The 
data presented in Fig. 7 show that both the flow- 
stress and fracture-stress curves for unirradiated 
molybdenum are raised with decreasing grain size 
and that the effect is quite pronounced. They also 
show that the flow stress-temperature curve is ap- 
preciably raised by irradiation, and the indication is 
that the fracture stress-temperature is also raised, 
but to a lesser degree. 

The mechanism by which neutron irradiation 
causes a shift in these curves is not fully understood. 
It is generally agreed that three types of defects are 
produced in the metal lattice by neutron bombard- 
ment: lattice vacancies, interstitial atoms, and for- 
eign atoms created by transmutation. The latter 
effect is believed to be entirely negligible in this 
experiment because the calculated concentration of 
impurity atoms is of the order of 0.01 pct. Since little 
is known about the effects of lattice vacancies, the 
most that can be said with certainty is that the effect 
of neutron irradiation has been to produce lattice 
defects which impede slip, or in other words, which 
increase the critical resolved stress required for slip. 

It has been observed for some other materials that 
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Fig. 6—Yield strength at room temperature and transition tempera- 
ture as a function of the reciprocal of the ‘average grain diameter. 
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Fig. 7—Yield and fracture stress as a function of grain size, 
neutron radiation, and temperature. Fracture-stress curves 
are to the left of vertical lines and flow-stress curves are to 
the right. (*Bechtold.’) 


the irradiation hardening and increase in yield 
strength is less for specimens irradiated at higher 
temperatures. This effect is assumed to arise because 
lattice vacancies and interstitials either agglomerate 
or annihilate each other at higher rates, due to in- 
creased mobility at the elevated temperatures. Con- 
sequently, it should be possible to irradiate a given 
metal at a temperature at which the annealing rate 
equals the defect-production rate and at which there 
is no radiation hardening. For molybdenum this 
should mean that the radiation embrittlement de- 
creases as the temperature of the material during 
the irradiation is increased. Some results obtained 
for molybdenum, which was irradiated in a reactor 
other than the Materials Testing reactor, indicate 
that the temperature at which there would be no 
embrittlement will probably be quite high. These 
results showed that molybdenum, irradiated at 
400°C for an estimated 3x10” thermal nvt (3x10” 
fast nvt), increased in hardness from 169 to 216 
BHN (as converted from Rs values), an increase of 
47 BHN. This hardness increase was somewhat 


greater than that for the material reported here, 
although the final hardness was less than the hard- 
ness of the unirradiated material used in this inves- 
tigation. The reason for the greater hardening of the 
material irradiated at 400°C is believed to be due to 
the fact that the material was of lower original 
hardness. It has been generally observed that, for a 
given metal, the lower the original hardness, the 
greater will be the radiation hardening. Because of 
the rough correlations between hardness, yield 
strength, and transition temperature, these results 
indicate that the rate of defect production in molyb- 
denum at 400°C exceeds the annealing rate and that 
the material is embrittled even at this temperature. 
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Technical Note 


Solid Solubility of Calcium in Magnesium 


by Edmund C. Burke 


N view of rather widespread use of calcium as an 
alloying addition to magnesium alloys, it is rather 
surprising to find, that, although the general features 
of the Mg-Ca equilibrium diagram are known witha 
fair degree of certainty,” ° considerable ambiguity 
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concerning the solid solubility of calcium in mag- 
nesium exists. By using the disappearing phase 
technique in a metallographic study, Haughton’ 
found that 0.6 pet Ca was soluble at 300°C and 1.8 
pet was soluble at 516°C, the eutectic temperature 
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Fig. I—Mg + 1.25 pct Ca. Heat treated 100 hr at 508°C. 
Etched in 1 pct nital. X500. Area reduced approximately 25 
pet for reproduction. 
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Fig. 2—The relationship between the volume percent of 
Mg>Ca observed in the microstructure vs the weight percent of 
calcium after heat treating at indicated temperatures. 


between Mg and Mg.Ca. Vosskthler’ used a similar 
technique and found that 0.18 pct Ca was soluble at 
300°C and 0.78 pct was soluble at 516°C. 

Because the peripheral zone on each of the heat- 
treated metallographic specimens was impoverished 
in Mg.Ca, Vosskuhler’® believed that this had intro- 
duced some error in his determination and thought 
that Haughton’s results were more reliable. How- 
ever, Haughton reported that he had encountered 
experimental difficulties with the chemical analyses 
and was forced to exclude several cooling curves 
from his equilibrium diagram study because of 
erratic calcium determinations. 

For this study, experimental melts of 125 g with 
various additions of high purity Ca were prepared 
with sublimed Mg to produce alloys varying from 
0.68 to 1.90 pct Ca, as determined by the best present 
day methods of chemical analysis. The impurity con- 
tent in the alloys was: Al, <0.0001 pet; Cu, 0.0001 pct; 
Fe, 0.0010 pct; Mn, 0.0011 pet; Ni, <0.0002 pct; Pb, 
0.0005 pct; Si, <0.001 pet; Sn, <0.001 pct{ and Zn, 
<0.02 pct. The alloys were melted in a graphite 
crucible and poured at 705°C to produce small rods, 
32 in. in diameter by 1 in. long, from which metal- 
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lographic specimens were obtained. The specimens 
were heat treated for 100 hr in two different ways: 

1—exposed to an atmosphere of air + 0.7 pct SO,, 

and 2—-wrapped in molybdenum foil and sealed in 
glass under a partial helium atmosphere. The speci- 
mens heat treated under the first condition had a 
greater peripheral zone of Mg.Ca depletion than 
those obtained by the second method. However, the 
excellent agreement between the results from quan- 

titative metallography for both heat-treating pro- 

cedures showed that the small amount of surface 
depletion had an insignificant effect on the solu- 
bility determination. 

Since calcium produces an insignificant change in 
the lattice parameters of magnesium,’ a Hurlbut 
counter’ was used to measure the volume percent of 
Mg.Ca. Fig. 1 is representative of the general shape 
and distribution of the Mg.Ca constituent after a 
heat treatment of 100 hr at 508°C. 

The relationship between the volume percent of 
Mg.Ca observed in the microstructure vs the weight 
percent of calcium after heat treating at selected 
temperatures is shown in Fig. 2. The intersection of 
the extrapolation of each line (obtained from a least- 
squares solution) with the weight-percent axis rep- 
resents the solid solubility of calcium in magnesium 
at the indicated temperature. Although the volume 
percent is actually a parabolic function of the 
weight percent, the straight-line relationship intro- 
duces no serious error at these low calcium addi- 
tions, since the difference in density between the 
solid solution and the Mg.Ca is not marked. 

The variation in the solid solubility of calcium in 
magnesium obtained in the present investigation as 
compared to previous determinations is shown in 
Fig. 3. The relatively close agreement between these 
results and those of Vosskihler suggests that Haugh- 
ton’s solid-solubility determination is too high. 
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A Study of the Room Temperature Fatigue Properties of 
~Molybdenum 


by W. L. Bruckart and W. S. Hyler 


The powder metallurgy and arc-cast types of wrought molybdenum stock were 
studied in rotating beam fatigue. Endurance ratios of unnotched specimens after 
5x10° cycles were found to be 0.74 and 0.81, respectively. Fatigue notch factors (K,) 
of 1.36 and 2.05, respectively, were obtained on V-notched specimens having a theo- 
retical stress-concentration factor K; — 3.1. 


M OLYBDENUM and its alloys are rapidly gain- 
ing importance as engineering materials of 
construction for high temperature applications. As 
a wrought material, molybdenum and its alloys are 
outstanding above 1800°F. It is necessary, however, 
with molybdenum to provide elevated temperature 
oxidation protection. This is currently being studied 
by a number of investigators. Thus far, there have 


been no published data on the fatigue behavior of | 


molybdenum either at room temperature or at ele- 
vated temperature. The knowledge of fatigue be- 
havior, particularly notched fatigue behavior, be- 
comes increasingly important as the engineering im- 
portance of a material increases, especially from the 
design standpoint. 

The work described here was directed toward de- 
termination of the notched and unnotched rotating 
beam fatigue characteristics of molybdenum at room 
temperature. Also, it was desired to learn whether 
any difference exists between wrought molybdenum 
of the powder metallurgy and the arc-cast types. 


Fabrication History of Bar Stock 


For this work, bar stock was procured from Climax 
Molybdenum Co. (arc-cast type) and from Westing- 
house Electric Corp. (powder metallurgy type). The 
processing histories of these materials are listed in 
Table I. The first lot of arc-cast molybdenum was 
deoxidized by aluminum additions. The second lot 
was deoxidized by carbon.* Both lots of the powder 


* For convenience, these are designated arc-cast A and arc-cast C. 


metallurgy product were deoxidized by the hydrogen 
used as a sintering atmosphere. 

While both types of molybdenum were given sim- 
ilar reductions, the fabrication temperatures used on 
the powder metallurgy molybdenum were about 
100°C lower than those used on the arc-cast mate- 
rial. Apparently, this difference does not affect the 
resulting room temperature tensile and fatigue prop- 
erties. 


W. L. BRUCKART, Member AIME, and W. S. HYLER are Assistant 
Chief, Nonferrous Physical Metallurgy Div., and Assistant Chief, 
Applied Mechanics Diy., respectively, Battelle Memorial Institute, 
Columbus, Ohio. 

Discussion of this paper, TP 3941E, may be sent, 2 copies, to 
-AIME by Apr. 1, 1955. Manuscript, Sept. 13, 1954. Chicago Meeting, 
February 1955. 
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Microstructure 
A microscopic examination of these materials, as 
received, revealed the powder metallurgy molyb- 
denum to be free of inclusions and to be finely 
fibered. On the other hand, the arc-cast C molyb- 
denum possessed numerous carbide inclusions, and 


the arc-cast A appeared to have coarse grained fibers. | 


These are shown in Fig. 1. Owing to the large ap- 
parent difference in fineness of fiber between the 
arc-cast A and the powder product and arc-cast C, 
a check was made of the recrystallized grain sizes 
to determine whether these differences persisted. 

A series of recrystallization anneals revealed mixed 


grain sizes in both the arc-cast A and the powder | 
product. Variations in grain diameter of as much as- 


50 times were found after full recrystallization \at 
1200°C for 30 min. There was no distinction between 
the two. Arc-cast C was not checked. 


Room Temperature Mechanical Properties 
Prior to subjecting the materials to fatigue tests, 
room temperature mechanical properties were de- 
termined. These data, together with the tensile 


strength of the notched bars, are listed in Table II.. 


There were no significant differences in the tensile 
strengths of the two types of molybdenum. However, 
the powder metallurgy material was generally more 
ductile and yielded at a somewhat lower stress than 
the arc-cast material. 

Tensile strengths of the notched specimens indi- 
cated a slightly greater notch strengthening effect in 
the arc-cast C than in the powder product, lot 2. 


Room Temperature Fatigue Properties 

Sample Preparation: Specimens were prepared for 
use in R. R. Moore rotating beam fatigue machines. 
These specimens had a continuous radius test section 
with a minimum diameter of 0.260 in. The specimens 
were prepared by grinding to shape and polishing 
to produce a smooth unworked surface. Polishing 
consisted of rotating a disk in the continuous radius 
section on which were attached, successively, emery 
belts of 240, 400, and 600 grit. The specimens were 
slowly rotated during the operation. The belt speed 
was high, and rotation was such that polishing 
scratches were longitudinal. 

Unnotched Fatigue Properties: Unnotched fatigue 
data were obtained from a number of specimens of 
each of the four lots of molybdenum. The results of 
the tests are presented in Fig. 2. From this figure, 
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Table |. Processing History of Molybdenum Used in Room Temperature Fatigue Tests 


Fabrication 
Reduction in Carbon Con- 
Source of Stock Consolidation Procedure Area, Pct tent, Pct 

Arc-cast A* Are cast in argon to 3% in. diam turned Breakdown by forging to 2 3/16 in. octa- 97 0.005 
to 3% in., deoxidized with aluminum gon, turned to clean up, and finish 
rolled to % in. round at 1025° to 1200°C 

Arc-cast Ci Same, but deoxidized with carbon Same 97 0.04 

Powder metallurgy,t Pressed from powder and sintered in hy- Rolled to % in. round, beginning at 94 0.02 
Lots 1 and 2 drogen as a 2% in. sq bar 1100°C and using reheats at successively 


lower temperatures to 950°C 


* This lot was used in the tests of unnotched bars only, A stands for aluminum deoxidized. 
+ This lot was used in tests of both unnotched and notched bars, C stands for carbon deoxidized. 
$ Two lots were received. Each had this history. 


Table Il. Room Temperature Mechanical Properties of Molybdenum Used in Fatigue Tests* 


Offset Yield Strengths, Elongation in 
Psi Ultimate 1 tn., Pet Reduc- Modulus 
Speci- Tensile — tion in (from Ten- VHN, 
men 0.01 0.1 0.2 Strength, Uni- Area, sile Curves), 10 Kg 
Source of Stock No. Pet Pet Pet Psi form Total Pct 106 Psi Load 


Tensile Data from Standard Specimens 


Arc-cast A 1A 65,000 87,600 94,100 109,000 8 28 48.5 42.9 276 

Arc-cast C 856A 53,500 84,700 91,100 97,100 6 29 40.0 52.2 277 

856B 47,000 79,600 89,000 98,800 6 36 28.0 —_— — 

Powder metallurgy, 2A 52,700 74,500 79,900 97,000 15 56 70.0 49.8 232 

Lot 4A 52,300 73,700 79,300 97,000 17 60 68.5 59.5 —_— 

Powder metallurgy, 871A 66,900 82,800 87,400 101,900 15 46 39.2 —- a 
Lot 2 

Tensile Data from Notched Fatigue Bars 

Arc-cast C 856N-12 — — — — 

Powder metallurgy, 871N-9 — 111,800 — 

Lot 2 871N-14 122,600 — — 


* 3/16 in. diam tensile specimens. 


b—Arc-ca c—Arc-cast C molybdenum. 


Fig. 1—Longitudinal sections of molybdenum bar stock as received. X100. Area reduced approximately 20 pct for reproduction. 
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Fig. 2—Rotating beam fatigue-test results on unnotched molyb- 
denum specimens. reproduction. 
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a—Powder metallurgy molybdenum, 
Fig. 3—Micrograph through fatigue fracture of arc-cast A molyb- 


it can be seen that the fatigue limit of arc-cast 
molybdenum ranged from 72,000 to 80,000 psi at 
5x10° cycles and that of powder metallurgy molyb- 
denum ranged from 68,000 to 75,000 psi. These data 
suggest that the differences in fatigue limits between 
the two types of molybdenum may be less than the 
variation between lots of either type of molybdenum. 
The data suggest also that the arc-cast molybdenum 
has slightly better fatigue behavior than does the 
powder metallurgy molybdenum. 

The endurance ratiost of the arc-cast A and C 


7 Endurance ratio is defined as the fatigue limit divided by the 
ultimate strength. 


molybdenum were 0.66 and 0.81, respectively, and 
0.70 and 0.74 for the powder metallurgy, lots 1 and 
2, respectively. It is significant from these data that 
molybdenum possesses an unusually high endurance 
ratio in comparison to other metals. 

The fractures observed in the two types of mate- 
rials were of considerable interest. The arc-cast 
specimens had a fracture surface typical of most 


Table III. Comparison of Results of Fatigue Tests 


Fatigue Limit at 5x107 Cycles, Psi 


Unnotched 
Endurance 
Source Unnotched Notched Ratio Ky* 
Arc-cast C 80,000 38,000 0.81 2.05 
Powder-metallurgy 75,000 55,000 0.74 1.36 
Lot 2 


fatigue limit, unnotched. 


* Ky = fatigue notch factor = 
fatigue limit, notched 


Fig. 4—Typical rotating beam fatigue fracture on powder 
metallurgy specimen. X1. Area reduced approximately 20 pct 
for reproduction. 


= 


Fig. 5—Micrograph through fatigue fracture of powder metallurgy 
‘molybdenum specimen. X100. Area reduced approximately 20 pct 


for reproduction. 


TRANSACTIONS AIME 


materials, Fig. 3. A description of the fatigue failure 
of the powder metallurgy material is most adequately 
described as “woody” in appearance. Longitudinal 
splits were common. A typical example of such a 
failed specimen is shown in Fig. 4. A micrograph of 
the failed section is shown in Fig. 5 where the longi- 
tudinal splits appear to be along grain boundaries. 
These distinctive fractures were observed also in the 
notched specimens, as discussed later. 

Notched Fatigue Properties: The critical test sec- 
tion of the specimen used in the notch fatigue study 
is illustrated in Fig. 6. The fatigue-test data are 
given in Figs. 7 and 8. The results of the fatigue tests 
on arc-cast C and powder metallurgy lot 2 are com- 
pared in Table III. 

Discussion 

The failures of powder metallurgy molybdenum 
were reproducibly different in appearance than those 
of are cast, both in static tension and in rotating 
bending fatigue. Thus, the “woody” appearing fail- 
ures of unnotched fatigue specimens of powder met- 
allurgy molybdenum were observed also in notched 


Fig. 6—Details of 
notched fatigue spec- 
imens, 
theoretical stress 
concentration, “’Neu- 


ber’s Nomograph.” a d, do 
d, — 0.260 in., d, = Ne 
0.400 in., w = 45°, 
and r = 0,008 in. Y 
ig 
| ij 
| 
aD R.R. Moore rotating-beam machine, 10,000 rpm 
| Minimum-section diameter, 0.260 Inch 
Rod size, diometer | 
10* 10° 108 107 10° 


Lifetime, cycles 


Fig. 7—Rotating beam fatigue-test results on notched and un- 
notched powder metallurgy lot 2 molybdenum specimens. 


Unnotched specimen ; 
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| 
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RR. Moore rotating-beom machine, 10,000 rpm. 

Minimum -section diameter, 0,260 inch 

40 Rod-size, ¢-inch diameter | 


1o* 10° 10° 10 
Lifetime, cycles 


Moximum Stress, 1000 psi 


Fig. 8—Rotating beam fatigue-test results on notched and un- 
notched arc-cast C molybdenum specimens. 
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Fig. 9—Typical notch-tensile failures of arc-cast and powder 
metallurgy molybdenum specimens. A is powder metallurgy molyb- 
denum, static failure; B, powder metallurgy molybdenum, fatigue 
failure; C, arc-cast molybdenum, static failure; and D, arc-cast 
molybdenum, fatigue failure. 


specimens tested in fatigue and in static tension. 
Typical failures of notched specimens of the two 
types of fabrication are shown in Fig. 9. Regardless 
of the differences in appearance of the failures, the 
two types of molybdenum behaved in a nearly sim- 
ilar manner both in static tension tests and in fatigue. 

This study has revealed that molybdenum has un- 
usually good unnotched and notched fatigue be- 
havior. The endurance ratios in the range 0.65 to 
0.81 for the two types of molybdenum compare favor- 
ably with the endurance ratios of steel (0.4 to 0.6) 


and aluminum (0.2 to 0.4). Fatigue notch factors of 
K, = 2.05 and 1.36 for the arc-cast and powder met- 
allurgy materials, respectively, appear low for the 
notch severity studied, K, = 3.1. This is particularly 
the case for powder metallurgy molybdenum. 

In both types of molybdenum, the applied stress 
was in the direction of the fibrous structure (work- 
ing direction). This may be an influencing factor on 
the observed fatigue behavior. Some additional fa- 
tigue studies of specimens from recrystallized mate- 
rial or of specimens from worked material at orien- 
tations other than the working direction would pro- 
vide helpful information to better categorize the 
fatigue behavior of these products. 
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Technical Note 


Allotropic Transformation at High Temperatures—A Discussion 


by Arthur G. Metcalfe 
(Reply by James O. McCaldin and Po! Duwez’) 


HE failure to detect any change in the thermal 

properties of cobalt at the Curie point would 
appear to indicate that the apparatus may have a 
limited sensitivity. The Curie temperature has been 
determined by direct methods to be 1121+3°C’ and 
1131°C.* The specific heat has been determined 
many times®‘ and weighted values are given in 
Table I. 

The allotropic transformations in iron and tita- 
nium, used by the authors to test the experiment 
method, involved a volume change of the order of 3 
pet on going from the close-packed to the body- 
centered-cubic lattice. These energy changes are 
likely to be much larger than those involved in a 
diffusionless transformation from a hexagonal to a 
cubic-close-packed lattice. However, it has been 
pointed out that thermal observations are unreli- 
able in the detection of phase changes when these 
are near a Curie point.® 

James O. McCaldin and Pol Duwez (authors’ re- 
ply)—The sensitivity of the present technique is 
limited to first-order transformations, so that gradual 
changes in specific heat, e.g., in the vicinity of Curie 
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Table I. Weighted Values for Cobalt 
Tempera- 
ture,°C 500 600 700 800 900 1000 1100 1200 1300 1400 
True spe- 
cific 


heat 0.126 0.136 0.147 0.159 0.172 0.187 0.204 0.166 0.167 0.168 


points, are not detected. Furthermore, the existence 
of first-order transformations with latent heats much 
smaller than those occurring in the known allotropic 
transformations of iron and titanium is, we agree, 
still pending. 
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Molybdenum Deposition on Titanium 


by Sam Tour, Andre Styka, and George Fischer 


Described herein are the results obtained during research work involving coating 
titanium alloys with molybdenum by vapor-deposition methods. Results show that 
the method can be used successfully to deposit hard adherent wear-resistant coat- 
ing of metallic molybdenum on titanium or titanium alloys without changing the 


microstructure of the titanium base. 


RODUCTION and use of titanium and its alloys 

have increased tremendously in the past few years. 
The physical, mechanical, and chemical properties 
of this engineering metal have caused considerable 
enthusiasm among metallurgists and engineers. How- 
ever, as with all materials, there are some draw- 
backs. For example, titanium is susceptible to seiz- 
ing and galling on wearing surfaces. 

In order to produce a good wear-resistant surface, 
many investigations have been conducted evaluating 
oxidizing, carburizing, nitriding, carbonitriding, sili- 
conizing, and chromizing of titanium. All of these 
processes require high temperatures for rather ex- 
tensive periods of time. It has been possible to pro- 
duce hard surfaces on titanium and its alloys by a 
number of these processes at the expense of a de- 
terioration of the physical properties of the base 
material. A practical solution to the problem of pro- 
viding titanium and titanium alloy parts with a sat- 
isfactory wear-resistant nongalling surface must be 
one that does not involve excessive temperatures for 
long periods of time. 

Sam Tour & Co. Inc. has completed a research and 
development contract for the United States Army 
Ordnance Corps on vapor deposition of molybdenum 
on titanium and titanium alloys. On the basis of re- 
sults obtained from the research program, titanium 
alloys can be coated successfully with molybdenum 
to provide a hard wear-resistant surface without 
harm to their base mechanical properties. The re- 
mainder of this article is a description of the tech- 
niques used to apply the coating and the results ob- 
tained from wear tests on molybdenum-coated tita- 
nium. 
Theory 


Basically, the technique used was the application 
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of molybdenum by a vapor-deposition method, 
thermal decomposition of molybdenum hexacarbonyl 
[Mo(CO),] with hydrogen as the carrier gas. The 
selection of this method was based chiefly on the 
following considerations: 1—low plating temperature 
which would minimize excessive grain growth, 2— 
low decomposition temperature of the carbonyl, 3— 
possibilities of controlling the hardness of the plate 
by adjusting the carbon content using the plating 
temperature and pressure as the primary variables, 
4—use of high vacuum, thereby avoiding unneces- 
sary oxidation and other complex reactions with the 
atmosphere. Free energy data’ show the strong tend- 
ency for titanium to combine with O., N:, or carbon 
from normal temperatures to temperatures above its 
melting point. To maintain the titanium in a film 
free condition, the use of as high a vacuum as pos- 
sible is indicated. The literature’ indicates that the 
reaction product of hydrogen with titanium is un- 
stable in vacuum at around 400°C. 5—Although it 
is indicated from the thermodynamic standpoint that 
there is little possibility of removing carbon from 
either titanium or molybdenum, the work of Lander 
and Germer’® indicates that the use of a suitable 
H./CO ratio is somewhat effective in minimizing 
carbon deposition. 6—Availability of molybdenum 
carbonyl. In the simplest form, the conditions of 
equilibrium’ in chemical reactions involving decom- 
position of carbonyl are as follows: 


Mo(CO), @ Mo + 6CO 
2CO @C + CO.. 


The plating rate is proportional to the rate of 
evolution of CO from the decomposed carbonyl, i.e., 
it is proportional to the pressure of the gaseous de- 
composition products. Carbon released from CO gas 
is the significant constituent for the variability of the 
physical properties of the product. High carbon de- 
position is favored by increasing pressure. Limita- 
tions are imposed in theselection of plating tem- 
perature and pressure. Excessive temperature re- 
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Fig. 1—The major parts of the plating setup—atmosphere gener- 
ator, chamber with heating coil, vacuum pumps, and temperature 
controls—are shown in this schematic diagram of the vapor de- 
position unit. 


quires reduced permissible CO pressure which tends 
towards a low plating rate and premature decompo- 
sition of the carbonyl. 

The primary function of H, is to serve as a carrier 
of carbonyl vapor and to increase its flow. Theo- 
retically, low CO/H, ratio means complete removal 
of carbon, but in practice, it has been found’* that the 
selection of suitable CO/H, ratio is limited again 
from the view point of plating rate and early de- 
composition of carbonyl. 


Apparatus 

A description of the apparatus and materials used 
follows and a schematic diagram is included in 
Fig. 1. The hydrogen used was of a technical grade 
from tanks obtained from Linde Co. Molybdenum 
carbony] was obtained from Climax Molybdenum Co. 

Hydrogen from the tank A was regulated by two 
microvalves and a trap and flow meter B where the 
rate of flow was observed and regulated. For some 
experiments, when a humid atmosphere was desired, 
a humidifier was put into the line after the flow 
meter. From the junction, C, the line was divided. 
One branch, C’, led directly to the plating chamber, 
D, and the other branch led through two microvalves, 
E and F, into the carbonyl bottle, G, and then into 
the plating chamber, D. Both branches were provided 
with clamps and microvalves to aid in regulating the 
hydrogen flow. 

The carbonyl bottle was immersed in a thermo- 
statically controlled oil bath in order to regulate the 
partial pressure of molybdenum carbonyl. The car- 
bonyl bottle was provided with a thermometer 
located at the gas outlet. Difficulties were encoun- 
tered with the crystallization of molybdenum car- 
bonyl in the colder portion of the line between the 
carbonyl bottle and the plating chamber. These dif- 
ficulties were overcome by heating the line between 


Table |. Materials Used in Plating Runs 


Compo- 
sition, 
Alloy Form Pet 
Ti-75A ¥%x1 in. bar stock 99.5 Ti 
HR, annealed and pickled. 
Ti-150A %x1 in. bar stock 2.7 Cr 
HR, annealed and pickled. 
RC-130A sq stock 7 Mn 
¥Y2x1 in. bar stock 
HR, annealed. 
RC-130B ¥Y%x1 in. bar stock 4Al,4Mn 
RC-55 Annealed sheet (0.050 in. 99.5 Ti 


thick). 
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the carbonyl bottle and the plating furnace with a 
nichrome resistance wire wound around the tubing. 

The gas lines and four valves around the plating 
chamber permitted reversing the direction of the gas 
flow within the chamber. 

Gases from the chamber passed through the trap, 
the two-stage oil diffusion pump, and to the mechani- 
cal pump. The purpose of the trap was to absorb 
undecomposed molybdenum carbonyl passing from 
the plating chamber. 

The plating chamber or furnace was a quartz tube 
8 in. long with 13/16 in. OD. The specimens were 
heated by high frequency induction. An induction 
coil (% in. copper tube, 14% in. ID) was adjusted 
around the middle of the tube. Asbestos paper and 
an auxiliary resistance wire heating element located 
between the tube and the coil were used for stabili- 
zation of the temperature. 

For temperatures up to 1300°F, an Ecco 1 kva 
converter was used as the source of high frequency 
current. For higher temperatures, a 10 kva unit was 
used. Iron-constantan thermocouples were used with 
the lower, and chromel-alumel thermocouples were 
used for the higher temperatures. The temperature 
of the specimens was controlled and recorded by a 
pyrometer controller. The thermocouple wires were 
sealed in a \ in. diam quartz tube. The ends of the 
quartz tube were water cooled to prevent overheat- 
ing of the rubber stoppers. 

During early experiments, the specimens were 
held in the center with respect to the induction coil 
and supported by inserting the thermocouple tube 
inside a hole in the specimen. 

A few modifications were tried before the tem- 
perature of a thin sheet sample could be held accu- 
rately and the sharpness of temperature oscillations 
decreased. Finally, the method adopted was simply 
to lay the thin specimen on a titanium block and 
attach it to the block by a wire of a high melting 
point material. The titanium block was 1% to 3 in. 
long with a %x% in. cross-section. A hole was 
drilled in the block to receive the thermocouple. 

During early runs, the thermocouple quartz tube 
was located in a hole drilled in the center of the 
sample. Temperature control was difficult. Tem- 
perature oscillations were as high as 40°F. Modifica- 
tions tried included heavy asbestos insulation, addi- 
tional resistance heating elements, and the use of 
ceramic and porcelain sleeves between the sample 
and the wall of the quartz tube. It was found that, 
when the hole in the sample was very close to the 
edge, the oscillations decreased down to approxi- 
mately +3°F. This procedure was adopted. 

During decomposition, hydrogen was _ passed 
through the carbonyl bottle. The hydrogen and the 
carbonyl vapor mixture, as a plating atmosphere, 
entered the plating chamber. In most cases, the car- 
bonyl bottle was kept at room temperature to de- 
crease the CO partial pressure and CO/H. ratio. In 
order to further decrease the CO/H, ratio, amounts 
of H. were bypassed around the carbonyl container 
as shown in Fig. 1. 

By regulating the microvalves, it was possible to 
control the carbonyl concentration from zero up to 
almost the amount present at the saturation point at 
the temperature of the thermostat. 

During the course of experiments, the oil in the 
oil diffusion pump was changed and the mercury in 
the MacLeod gage was purified as necessary in order 
to be able to obtain a vacuum of the order of 1x10~ 
mm Hg in the system. 
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Procedure For Vapor Plating 


The vapor plating procedure consisted of the fol- 
lowing steps: 1—preparing and mounting the sam- 
ples, 2—closing and tightening the system, 3—evac- 
uating the system, 4—vapor plating, and 5—finish- 
ing operations. 

Rectangular samples were mounted directly on 
the quartz thermocouple tube. Titanium sheet sam- 
ples were attached to titanium blocks mounted on 
the tube. The titanium samples were centered in the 
deposition chamber before plating. 

Necessary connections were greased with high 
vacuum silicone grease, valves were closed, rubber 
stoppers were inserted into the quartz tube, and the 
whole system was tightened. 

Mechanical and oil diffusion pumps were turned 
on. Evacuation was for about 1 hr prior to the de- 
position in order to remove moisture from the sys- 
tem. After evacuating, the whole system was flushed 
thoroughly with hydrogen for about 15 min. 

Immediately before the application of high fre- 
quency induction heating, the line to the plating 
chamber was closed to prevent deposition during 
the temperature rise. When the desired temperature 
was reached, the line, and then the microvalves at 
the carbonyl bottle were opened slowly while the 
pressure was checked constantly. 

To finish the deposition, the hydrogen valve and 
the line to the plating chamber were closed, the high 
frequency induction heat turned off, and the tem- 
perature allowed to drop. After about % hr, when 
the temperature of the sample was below 200°F, the 
vacuum was broken and the samples removed. 

The most advantageous ratio of CO/H, appears to 
be between 5/1 and 1/1. Runs were made with 
CO/H, ratios ranging from 7/1 to 1/2 or less. Dif- 
ferent CO/H, ratios in the foregoing range had little 


Table Il. Test Conditions for Plating Runs 


Approxi- 
Pressure, mate Time, 
Run Material Temperature, °F Mm Hg CO/H2 Hr 
1 RC-130A 884 0.55 10/1 
2 RC-130B 884 0.20 3/1 1% 
3 RC-130A 1050 to 884 0.23 3/1 3% 
4 Ti-150A 930 0.21 3/1 3 
5 Ti-75A 980 0.18 4/1 3 
6 RC-130A 1030 0.21 3/1 3 
a Ti-75A 1080 0.20 3/1 2 
8 RC-130B 1180 0.22 
9 RC-130B 1180 0.18 4/1 3 
10 Ti-75A 1400 0.20 3/1 2 
11 Ti-150A 1200 to 1300 0.20 3/1 1% 
12 RC-55 850 0.11 5/1 5/12 
13 RC-55 1020 0.32 8/1 32 
14 RC-55 1020 0.28 2/1 3 
15 RC-55 890 0.12 4/1 3 
16 RC-55 1020 0.09 3/1 3 
17 RC-55 1030 0.09 2/1 4 
18* RC-55 1000 0.08 2/1 3 
19* RC-55 1060 0.03 5/1 3 
20* RC-55 1020 0.07 5/1 3 
21 Nickel 1020 0.10 4/1 1/3 
22 RC-55 1380 0.05 —_— 1/3 
23 RC-55 1380 0.05 5/1 1 
24 RC-55 & Steel 1020 0.02 6/1 1 
25 RC-55 & Steel 1380 0.04 BL 3 
26 RC-55 1700 0.06 5/1 2 
27 RC-55 1600 0.04 5/1 2 
28* RC-55 1600 0.04 5/1 2 
29* RC-55 1700 0.15 6/1 %, 
30 RC-55 1700 0.50 
31 RC-55 1700 1.20 9/1 7/12 
32 RC-55 1700 to 1100 0.05 5/1 2 
33 RC-55 1700 to 1000 0.05 5/1 4 
34* RC-55 1700 to 1000 0.07 5/1 2% 
35 RC-55 1700 to 1000 0.05 5/1 Zz 
36 RC-55 1700 to 1000 to 0.07 5/1 Ye 
1700 
37 RC-130A 1700 0.08 5/1 2 
38 RC-130B 1700 0.03 5/1 2 
39 RC-130A 1700 to 1000 0.04 5/1 Yn 
40 RC-130B 1700 to 1000 0.04 5/1 YW 


* Flow Reversed was used. 


TRANSACTIONS AIME 


effect on adherence and galling characteristics of 
the coating. Adherent and wear-resisting coatings 
were deposited at CO/H, ratio equal to 7/1 and 
down to 1/2 or less. 

Hydrogen is necessary as a carrier gas as it in- 
creases the flow of the carbonyl vapor from the 
vapor generating unit into the plating chamber. 
When the hydrogen flow is decreased below a cer- 
tain value, the flow effect, which is always present 
to some extent during plating, becomes appreciable. 
The term flow effect signifies a phenomenon charac- 
teristic of vapor deposition which consists of build- 
ing up the heaviest deposit at the surface facing the 
gas inlet and a gradual decrease with the distance 
from the inlet toward the outlet where the deposits 
are at a minimum. Increasing the hydrogen flow 
makes it necessary to decrease the carbon monoxide 
pressure in order to keep the total pressure below 
the critical value. That, however, decreases the 
speed of deposition. Carbon monoxide pressures can 
be regulated either by keeping the molybdenum 
carbonyl container at a lower temperature or by 
sending some hydrogen through a bypass around 
the molybdenum carbonyl container shown in Fig. 1. 

These two effects of the speed of deposition and 
the flow effect set the CO/H, ratio between 5/1 to 
1/2. These values were found to be true for samples 
approximately 2 in. long; the effect will be more 
pronounced on longer samples. The flow effect is 
more pronounced at the higher temperature of de- 
position. Among other modifications which were 
tried to overcome this difficulty was the use of a 
porous alundum sleeve. Some improvement was 
achieved with it. The greatest improvement was 
obtained in the uniformity of the deposition by re- 
versing the flow of the plating atmosphere. By using 
this technique, a uniform coating on longer samples 
can be obtained. 

Materials 


The materials used are given in Table I. Runs 1 
to 11 in Table II were made with 1% in. cube speci- 
mens. Runs 12 to 36 were made with 142x0.050x38 in. 
and shorter specimens of titanium RC-55 sheet. Runs 
37 to 40 were made with4zxl2x1%% in. specimens of 
RC-130A and RC-130B. One to three surfaces of the 
specimens were polished to a metallographic finish 
and degreased in boiling carbon tetrachloride im- 
mediately before the plating runs. 


Plating 


Tables II and III give the data of the plating runs 
made. The first 12 runs were made at temperature 
intervals of about 50°, 100°, and 200°F with occa- 
sional auplications. The pressure during run 1 was 
kept high (0.55 mm Hg) in an effort to find the 
upper limit of pressure for deposition and the re- 
sulting speed. The temperature of the oil bath for 
the carbonyl container was kept at 37°C (99°F). 
The CO/H, ratio was estimated to be approximately 
10/1. The coating was thick (0.008 in.) and hard 
(surface hardness between 1400 and 1500 DPH), but 
had very poor adherence. Run 2 was made with the 
carbonyl container kept at room temperature. The 
lower total and CO pressures greatly improved the 
adherence of the coating, but decreased the rate of 
deposition. CO/H, ratio was between 3/1 and 5/1. 

On the basis of the first 12 runs, the temperature 
of 980° to 1180°F was established as being the best 
from the standpoint of appearance of the coating. 
The coatings were adherent and had good appear- 
ance but failed on deformation of the specimen. The 
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Table III. Test Results of Titanium Plating Samples 
Sur- 
face 
Thick- Hard- 
ness, ness, Bend Wear Appear- 

Run In.* DPH* Test** Test ancey 

1 0.008 1450 -- No Very poor 

2 0.0003 N.D. — No Poor 

3 N.D. N.D. _ No Poor 

4 N.D. N.D. — No Fair 

5 0.0005 N.D. — No Good 

6 N.D. N.D. — No Good 

7f N.D. N.D. — No Very poor 

8 N.D. 1047 —- No Good 

9 N.D. N.D. — No Good 
10 N.D. N.D. — No Fair 
11 N.D. N.D. — No Very poor 
12 N.D. N.D. Poor No Good 
13 0.004 N.D. Poor No Poor 
14 N.D. N.D. Poor No Fair 
15 N.D. N.D. Poor No Very good 
16 N.D. N.D. Poor No Very good 
17 N.D. IN.D: Poor No Very good 
18 N.D. 700 Poor No Very good 
19 N.D. N.D. Poor No Very good 
20 N.D. 1426 Poor No Very good 
21 N.D. N.D. No 
22 N.D. N.D. — No Coloration 
23 N.D. N.D. oa No — 
24 0.0001 N.D. Poor No Very good 
25 N.D. N.D. Poor Yes Very good 
26 0.002 808 Very good No Very good 
27 0.001 N.D. Poor Yes Very good 
28 0.001 N.D. Poor No Very good 
29 0.001 N.D. Very good Yes Very good 
30 N.D. N.D. Very good Yes Very good 
31 0.001 803 Very good No Poor 
32 N.D. N.D. Good No Very good 
33 0.0003 N.D. Good No Very good 
34 0.0002 639 Good Yes Very good 
35 0.0002 N.D. Good No Very good 
36 N.D. N.D. Good Yes Very good 
37 N.D. N.D. — Yes Very good 
38 N.D. N.D. —_ Yes Very good 
39 N.D. N.D. — Yes Very good 
40 N.D. N.D. — Yes Very good 


* N.D. stands for not determined. 

** Poor is when a coating on the 0.50 in. thick sample could 
stand only a few degrees bending. Good is when a coat could stand 
stronger bending up to about 30° over a bending radius of 
¥, in., but would eventually peel off. Very good is when the base 
metal can be deformed until it cracks without peeling of the coat- 
ing. Values not shown were for block samples, since no bend tests 
were performed on the bars. 

;+ Very poor and poor is when a coating peeled off during the 
deposition run. Very good is when a coating, as deposited, looked 
entirely sound. 


first 11 runs were made with % in. cubes of 75A, 
130A, 130B, and 150A titanium and titanium alloys. 
The surface microhardness of all these coatings were 
above 1000 DPH. 

X-ray diffraction photographs were taken of the 
coatings from runs 3, 7, 11, 16, and 29. It was found 
that the amount of molybdenum carbides present in 
the molybdenum coatings depended mostly upon the 
total pressure of the deposition. 

Runs 12 to 36 were made with 0.050 in. thick sheet 
samples of titanium RC-55. These samples, when 
coated, were subjected to bending in order to test 
the adherence and ductility of the coating. 

Runs 13 to 20 were made at the optimum tempera- 
ture obtained, which was approximately 1020°F. 


Fig. 2—RC-55 in run 
26 shows the diffu- 
sion of molybdenum 
into the titanium 
which took place 
during the plating 
process. X250. Area 
reduced approxi- 
mately 25 pct for re- 
production. 
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Only when the total pressure was lower than 0.12 
mm Hg (run 15) was a coating of good appearance 
obtained. On bending, however, the coating failed. 
Run 20 produced a coating whose surface microhard- 
ness was found to be equal to 1426 DPH. 

From runs 16 through 40, the total pressure was 
kept below 0.1 mm Hg. Runs 16 to 25 were at tein- 
peratures below the critical temperature of titanium. 
A few runs were made to overcome the flow effect. 
A great improvement was achieved by reversing the 
flow of plating atmosphere during the runs. 

Run 21 was made to determine if the molybdenum 
would deposit on nickel. An adherent coating was 
not obtained. 

The literature on vapor plating of molybdenum 
contains a statement that the ductility of the coat- 
ings is improved by humidity in the plating atmos- 
phere. Runs 22 and 23 were made under such condi- 
tions. In run 22, the titanium became discolored 
when heated in humid hydrogen. In run 23, when 
using humid plating atmosphere, the coating was not 
adherent. It is evident that the moisture reacts with 
the titanium surface to interpose a layer of titanium 
oxide. 

It was claimed by J. J. Lander and L. H. Germer’* 
that ductile molybdenum coatings were obtained on 
steel. In runs 24 and 25, samples of low carbon steel 
strip were included with the RC-55 titanium for 
plating. In both cases the low carbon steel samples 
became coated with molybdenum. In run 24, the 
coating on the steel was approximately 0.0001 in. 
thick while in run 25 it was approximately 0.0003, 
in. thick. In both cases, the coating was sufficiently 
adherent and ductile as to withstand a 90° bending 
of the steel strip without failure. 

The molybdenum coatings produced on the tita- 
nium during runs 24 and 25 failed in bending. The 
results indicated that the thin molybdenum coating 
itself is ductile and that the adherence of the coating 
depends primarily on the bonding of the coating to 
the base metal. This thought led to an attempt to 
improve the bonding by using higher temperatures 
of deposition in order to initiate diffusion. 

The positive results obtained on steel might have 
been further utilized in experimenting thin iron 
electroplates on titanium followed by molybdenum 
deposition from carbonyl. This was not done. 

Run 26, at 1700°F, produced the first successful 
results in obtaining adherent and ductile coatings on 
titanium. No peeling was observed when the coating 
was subjected to free bending to 180°. The surface 
microhardness of the coating was 808 DPH. That 
diffusion of the molybdenum into the titanium had 
taken place is evident in Fig. 2. 

In run 26, upon removing the titanium from the 
furnace, it was observed that the titanium sheet 


Fig. 3—RC-55 in run 
27 demonstrates 
good adherence be- 
tween molybdenum 
titanium —al- 
though the sample 
gave a poor bend 
test. X250. Area re- 
duced approximately 
25 pct for reproduc- 
tion. 
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Fig. 4—RC-55 in run 
29 shows coating so 
adherent that base 
metal could be de- 
formed until it 
cracked without peel- 
ing of the coating. 
X250. Area reduced 
approximately 25 pct 
for reproduction. 


sample adhered to the titanium block to such an 
extent that it had to be pried and hammered to 
separate it from the block. 

In runs 27 and 28, a lower temperature of 1600°F 
was tried, but it did not produce a coating which 
would withstand bending more than a few degrees 
although the adherence was very good, as shown in 

At 1700°F, a sound coating was formed at a much 
faster rate than at lower temperatures. At the higher 
temperature, higher pressures can be used success- 
fully. The deposition rate has been found to be ap- 
proximately 0.001 in. per hr at 1700°F and 0.50 mm 
Hg, 0.0005 in. per hr at 1600°F and 0.10 mm Hg, and 
0.0001 in. per hr at 1000°F and 0.10 mm Hg. 

A total pressure of 0.15 mm Hg, run 29, and 0.50 
mm Hg, run 30, at 1700°F produced perfect coatings. 
Higher pressure, however, of 1.20 mm Hg, run 31, 
produced a coating which had cracks as deposited. 
The coatings were so adherent that the base metal 
could be deformed until it cracked without peeling 
of the coatings, as shown in Figs. 4 and 5, respec- 
tively. 

It was observed that adherence of coatings de- 
creased as temperatures during deposition were in- 
creased from approximately 1380° to approximately 
1600°F. At 1700°F, however, when the diffusion took 
place, the adherence was very good. 

It was thought that a flash coating at 1700°F fol- 
lowed by a longer period of coating at a lower tem- 
perature might retain the good adherence of the high 
temperature coatings and, simultaneously, avoid the 
severe grain coarsening that is created by the 1700°F 
temperature. 

Runs 32, 33, 34, and 35 were made accordingly. 
Deposition was started at 1700°F and maintained for 
only about 3 min and the temperature allowed to fall 
to 1100° or 1000°F and plating allowed to continue 
for about % hr or longer. 

This procedure has produced good adherent and 
wear-resistant coatings; the microstructure of the 
titanium-base metal was not affected by the short 
high temperature flash. The coatings were ductile 
enough to take a strong bend without apparent 
failure. This procedure has been termed the duplex 
method. 

The thickness of the molybdenum coatings pro- 
duced by the duplex method was about 0.0001 in. or 
more. It was believed that in measuring the micro- 
hardness, the diamond pyramid indenter penetrated 
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Fig. 5—RC-55 in run 
31 shows cracking of 
1 base metal without 
peeling of coating 
* although coating had 
‘ws cracks as deposited. 

4 X250. Area reduced 
approximately 25 pct 
for reproduction. 


the thin molybdenum coating. Therefore, the meas- 
ured hardness may be lower than the true hardness 
of the coating. This approximate surface microhard- 
ness was found to be 639 DPH (100 g). 

In addition to the aforementioned 40 runs, five 
runs were made which are not described in this re- 
port. Of these five runs, two were preliminary trial 
tests and three were unsuccessful tests. The latter 
three test failures were due to leaks developed in 
the vacuum system, a burned thermocouple, and a 
sample which slid off during the deposition. 

A second flash of the high temperature, at the end 
of the run, developed no increase of ductility and 
adherence of the coating (run 36). 

Runs 37 to 40 inclusive were made to prepare 
molybdenum-coated samples of titanium alloys 
RC-130A and RC-130B for qualitative wear-testing 
as described later in this report. 


Wear Tests 

A shaper was modified to accommodate a 4% in. 
diam steel ball upon which a variable load could be 
imposed by a lever-arm dead weight method. Pivot 
blocks were made of wood and steel with a lever 
arm for weight loading. The hardened steel ball was 
held rigidly in a modified tool holder and allowed 
to rub against the titanium specimens under the de- 
sired force. The general arrangement was similar 
to that described in the Interim Technical Report on 
Chemical Surface Treatment of Titanium.’ 

The hardness of the steel ball was checked and 
found to be Rc 65. When lubricating oil was used, 
it was SAE 10. When SAE 10 oil was not used, the 
samples and the hardened steel ball were cleaned 
with acetone or carbon tetrachloride immediately 
before tests to remove any traces of grease. 

Qualitative wear tests were made to determine the 
galling characteristics of molybdenum-coated tita- 
nium and titanium alloys. Tests were made also on 
untreated titanium. 

It was found that either with or without lubrica- 
tion, one to two strokes produced appreciable wear 
and galling on untreated RC-55 titanium as shown 
in Fig. 6. Pieces of titanium metal were torn out of 
the sample and accumulated at the ends of the 
stroke. The force applied against the sample during 
testing was approximately 23 lb, resulting in a pres- 
sure in the order of 50,000 lb per sq in. at the end 
of the second stroke as calculated from the width of 
the wear mark. 
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Table IV. Wear Test Results of Plating Samples 


Sample from Load Ap- No. of 
Material Coating Run plied, Lb Strokes Lubricant Results 
RC-55 34 23 12,000 Oil Slight burnishing. : 
RC-55 25 100 Few Oil Ti base yielded in compression. 
RC-55 25 100 100 to 200 Oil Mo coating flaked. 
RC-55 25 100 12,000 Oil No seizing or galling. 
RC-55 Untreated _ Few Oil+ Surface worn. 
Mo particles 
from 2. 

RC-55 27 100 100,000 Oil Coating did not fail. Grooving and 

buriishing developed. 
RC-55 25 23 40 None Scoring 
RC-55 25 23 100 None Galling 
RC-55 27 23 100 None Seizure began. 
RC-55 27 23 1,000 None Galling 
RC-55 29, 30 23 360 to 700 None Scoring 
RC-55 29, 30 23 630 to 810 None Seizure 
RC-55 29, 30 23 990 to 1,520 None Galling 
RC-130A 37 23 25 None Polishing marks. 
RC-130A 37 23 100 None Seizure 
RC-130B 38 23 25 None Polishing marks. 
RC-130B 38 23 25 None Seizure 
RC-130A 37 23 30,000 Oil Polished track. ; 
RC-130B 38 23 30,000 Oil No scoring, seizure, or galling. 
RC-130A 39 23 30,000 Oil Polished track. , : 
RC-130B 40 23 30,000 Oil No scoring, seizure, or galling. 


Fig. 6—Two wear strokes on untreated RC-55 resulted in the narrow 
band of wear. The wider band is the result of 64 strokes. 


Tests on titanium and titanium alloys coated with 
molybdenum, by any of the three methods developed, 
have shown that, when lubricating oil was used, the 
coating withstood thousands of strokes. The only 
result was a polished mark. ; 

For comparison, several samples of RC-55 titanium 
were simply heated to 1400°F in the plating cham- 
ber in a high vacuum, but no molybdenum was de- 
posited on the samples. These samples, when sub- 
jected to qualitative wear tests with application of 
lubricating oil, failed instantaneously like those 
which were untreated. 

The wear test results are shown in Table IV. 


Conclusions 

1—Temperature and pressure are the most im- 
portant factors in obtaining a sound deposit. 

2—Adherent molybdenum coatings on titanium 
and titanium-base alloys can be obtained by any of 
three techniques. 

3—At temperatures of 900° to 1380°F and total 
pressures up to 0.1 mm Hg, hard coatings (up to 
1000 DPH) can be obtained on RC-55, Ti-75A, 
RC-130A, RC-130B, and Ti-150A at a rate of ap- 
proximately 0.0001 in. per hr. The coatings, how- 
ever, are rather brittle and will stand only a few 
degrees of bending. The titanium microstructure 
undergoes little change. 

4—-At temperatures of 1700°F and above and 
total pressures up to 0.5 mm Hg, ductile and some- 
what softer coatings (hardness up to 800 DPH) can 
be obtained on titanium alloys RC-55, RC-130A, and 
RC-130B at a rate of approximately 0.001 in. per hr. 
The microstructure of the titanium is changed by 
grain growth. At about 1700°F, some diffusion of 
molybdenum into the titanium base is obtained. 

5—A duplex method of deposition at different 
temperatures starting at 1700°F for approximately 
3 min and continuing while the temperature is 
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dropped to 1000°F and maintained at 1000°F for 
about 20 min gives a coating that is adherent, hard, 
and ductile. The structure of the titanium base is 
unaffected by the short exposure to high tempera- 
ture. The thickness of the coating is approximately 
0.0001 in. Such coatings have been deposited on 
RC-55, RC-130A, and RC-130B. 

6—It was impossible to obtain molybdenum coat- 
ing on titanium by pyrolytic decomposition of molyb- 
denum carbonyl at 1600°F or below, which would 
stand bending more than a few degrees. 

7—The higher the temperature and/or the greater 
CO/H, ratio, the greater is the flow effect during 
vapor deposition. By reversing the flow of the plat- 
ing atmosphere, the uniformity of the deposit can be 
improved. 

8—xX-ray diffraction examinations of the molyb- 
denum coatings indicate the presence of molybdenum 
and molybdenum carbide. The relative amounts are 
dependent upon the plating conditions. 

9—Qualitative wear tests show remarkable wear 
resistance of the molybdenum-deposited coatings on 
titanium. The improvement over untreated titanium 
is especially pronounced when lubrication is used. 

10—A good wear-resistant coating of molybdenum 
can be applied to annealed titanium or titanium 
alloys in 1 or 2 hr without harm to the structure or 
mechanical properties of the titanium. 

11—The process is possibly of commercial appli- 
cation. 


Discussion of this paper, if any, will appear in 
JOURNAL OF METALS, November 1955, and in AIME 
Metals Branch Transactions, Vol. 203, 1955. 
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Continuous Multistage Separation by Zone-Melting 


by W. G. Pfann 


A simple method of obtaining multistage batch separations by crystallization was described re- 


cently. Known as zone-refining 


, it comprises passing short molten zones through a long solid charge. 


This technique can now be used on a continuous basis by means of the zone-void method described in 
this paper. Feed enters, at an intermediate point, a column down which molten zones travel, and 
waste and product leave at the ends. Materials move in the column through the agency of voids; which 
are introduced at. the ends and travel toward the feed inlet. The voids and molten zones are moved 
by external heaters in a simple manner, and the principle of reflux is utilized. i » 


WAG method of obtaining multistage separations 
by crystallization was described recently.’ Named 
zone-refining, the method comprises slowly passing 
a series of molten zones through a long solid charge. 
Solute becomes concentrated at one or the other end 
of the charge, depending on whether it raises or 
lowers the freezing point of the solvent. The separa- 
tion increases with the number, P, of zone-passes, 
approaching a limit as P approaches infinity. Zone- 
refining has been highly effective in purifying ger- 
manium and other substances,”* and new applica- 
tions are steadily increasing. 

Zone-refining is a batch method and as such it has 
certain limitations inherent in batch operation. If it 
could be made continuous, its scope and utility would 
be greatly broadened. 

This end has been achieved by the zone-void 
method described in this paper. In the zone-void 
method feed is introduced continuously at an inter- 
mediate point in a column down which molten zones 
travel, while impure waste and purified product 
leave at the ends. Both the flows of feed, waste 
and product, and also the travels of the zones, are 
actuated by external moving heaters in a simple 
manner; and the system utilizes the principle. of 
reflux. The method provides, in the field of crystal- 
lization, the counterpart of the continuous fractiona- 
tion column in the field of distillation. The following 
will be discussed: apparatus and mode of operation, 
fundamental nature of the separation, design theory, 
and practical considerations. 

The method will be described in terms of a binary 
solute-solvent system in which the solute is an im- 
purity to be removed and the solvent is the desired 
product. The distribution coefficient, k, defined as 
the ratio of solute concentration in the solid freezing 
out of a molten zone to that in the liquid in the zone, 
is assumed to be constant and less than one. The 
process is equally effective for k’s greater than one 
and for ternary or higher order systems. 


Method and Apparatus 

The essential features of a continuous zone-refin- 
ing process are represented in highly generalized 
form in Fig. 1. A series of molten zones, produced 
by moving heaters, travels slowly down the column 
or charge (to the left in Fig. 1). If there were no 
flows of feed, waste, or product, the process would 
simply ,be batch zone-refining, the action of the 
molten zones being to sweep solute down the column, 
solvent up the column. For the process to be con- 
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ENRICHING SECTION 


PRODUCT 


DIRECTION OF ZONE TRAVELS 


Fig. 1—Continuous zone-refining apparatus (generalized). 


tinuous, with stripping and enriching sections in the 
column, feed must enter, and waste and product 
must leave, as indicated. The zone-void process 
accomplishes both objectives, namely, the indicated 
movements of zones and the indicated flows of mate- 
rial. Zones are moved by moving heaters, just as in 
batch zone-refining. Materials are made to flow by 
creating voids at the waste and product exits and 
causing these voids to move to the feed inlet. Since 
there must be a net flow of material from the feed 
inlet to each of the outlets, the indicated movements 
of voids are in the desired directions, because move- 
ment of a void in a given direction corresponds to 
flow of material in an opposite direction. 

In order to produce the desired movements of 
voids,. the column is folded into two vertical sections 
having the feed inlet in common at their upper ends. 
Voids are displaced upward by the liquids in the 
molten zones and their travel is actuated by the 
motions of the zones. Voids travel with the zones in 
the enriching section and move continuously. Voids 
travel opposite to the zones in the stripping section 
and move intermittently. Creation and travel of 
voids will now be examined in detail. 

The enriching section of a column in operation, 
with its void generator, is shown in Fig. 2. The 
column section is a vertical tube around which a 
series of closely fitting, regularly spaced heaters 
travel slowly upward. Each heater produces a molten 
region, the temperatures of the heaters and the cool- 
ing between heaters being controlled so as to main- 
tain the molten zones approximately constant in 
size. A void is normally present atop the molten 
zone in each heater. As the heater rises, it contin- 
uously melts solid above it, which drips through the 
void into the molten zone and continuously freezes 
out solid below it, of concentration k times that of 
the liquid in the zone. When a molten zone and void 
reach the feed inlet, which is kept molten, the void 
is displaced by an equal volume of feed liquid. 

Generation of voids of controlled size in the en- 
riching section is shown in Fig. 3. The void generator 
is a tube of small cross-section, provided with lateral 
heat-conducting fins which sense the position of the 
heater. Liquid can escape only when the entire out- 
let tube is within the heater. If any part of the out- 
let tube is outside the heater, liquid cannot escape, 
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since the walls of the tube, being cool, freeze the 
liquid and thereby block the tube. In b, Fig. 3, the 
maximum volume of liquid which can escape is 
shown; and its escape has created a void of volume 
V. Inc and d the void is seen moving “down” the 
column atop the moving molten zone. 

In connection with Fig. 3, it can be visualized that 
if the outlet were simply a small hole, not a tube, 
then all of the liquid inside a heater would escape 
and a series of voids, without molten zones, would 
travel through the enriching section. This would 
merely achieve flow of matter from inlet to outlet, 
but would not accomplish “reflux action” (see a 
subsequent section) by the molten zones. However, 
by means of the outlet tube, liquid is prevented from 
escaping once the bottom of the heater rises above 
the lower end of the outlet tube. Thus a molten zone 
of length 1 and a void of length h-l is produced by 
a heater of length h, where I is the length of the out- 
let tube, each time a heater travels past the end of 
the column. (The volume of the outlet tube is as- 
sumed negligible.) 

Many other designs of void generator are feasible. 
A vent tube may be provided to assist the flow of 
liquid through the exit tube. Another type is simply 
a valve at the end of the column, whose opening and 
closure are regulated by the position of the heater. 
The primary consideration is that a controlled vol- 
ume of liquid be ejected each time a heater passes 
the end of the column. 

In the stripping section voids are created much as 
in the enriching section, even though the heaters 
move downward. (As may be seen from Fig. 3b, a 
void of length h-l will be produced when the heater 
is in the indicated position, for either travel direc- 
tion.) Motion of the voids is intermittent, as shown 
in Fig. 4 which shows the creation of two voids, be- 
ginning with a column free of voids. In a a void, V,, 
has just formed. In b the molten zone above V, eats 
into the intervening solid, while the void remains 
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stationary. In c the bridge of solid has melted through, 
the void has bubbled up through the zone, and the 
zone has fallen one void length, the lower portion 
of it freezing. In d, void V, has been left behind by 
the zone and solidification of zone L, by normal 
freezing’ has been in progress. In e, V, has risen 
through L, and void V. has formed. It may be nected 
that the zone length is h in the stripping section and 
l in the enriching section. Better control of heater 
temperature and cooling conditions is required in 
the former because at times there are two solid zones 
for each heater. 

Thus, in both the stripping and enriching sections, 
material flows through the column continuously, 
despite the fact that both column sections are at all 
times blocked by plugs of solid material. The mov- 
ing voids make these material movements possible. 

A complete zone-void refiner comprising rectify- 
ing and stripping sections is shown in Fig. 5. The 
heaters move with reciprocating motion, travelling 
forward slowly and backward rapidly a distance 
equal to the heater interval, d. This type of motion 
has the effect of causing the zones to move contin- 
uously in the desired direction (down the column), 
permits freedom in design of the apparatus, and has 
other merits described elsewhere.* 


Theory 

In this section, the basic nature of the zone-void 
process will be considered and some comparisons 
with other separation methods will be made. Equa- 
tions useful for the design of zone-void apparatus 
will be given. While these involve a number of 
simplifying assumptions and hence must be regarded 
as approximate, they serve to show how various 
parameters affect the separation, and they provide 
a basis for more exact treatments. 

Steady State at Total Reflux: By ‘total reflux” the 
author means here that no flows of feed waste or 
product occur as the molten zones move down the 
column. It has been shown’ that under such circum- 
stances a steady state is reached after a large (theo- 
retically, an infinite) number of passes of molten 
zones down the column. The solute concentration C 
as a function of the distance x from the end of the 
column at which zones begin their travel is given 
approximately by 


C= Aer [1] 
where 
k = Bl/(e?' —1) [2] 
and 
A/C, = BL/(e*” — 1) 


and where | denotes zone length; L, column length; 
and C, is the mean solute concentration. The con- 
stant A is the concéntration at x = 0 and hence the 
ratio A/C, may be taken as a separation ratio. 

It is found, by solving Eq. 3 for a wide range of 
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Fig. 3—Creation and travel of void in enriching section of zone-void 
refiner. 
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Fig. 4—Creation and travel of voids in stripping section of zone-void 
refiner. 


values of k, l, and L, that A/C, can be represented 
empirically as follows 


A/C, =k? [4] 


where N = L/Il is the number of zone lengths in the 
column and f is a fairly constant factor given in 
Table I. Eq. 4 tells that fN is the number of theo- 
retical stages (factors of k in A/C.) in a zone-void 
refiner at total reflux and that this number is roughly 
proportional to the number of zone lengths in the 
column. Under conditions of partial reflux, the num- 
ber of theoretical stages will be less than fN, in 
general. 

Steady State at Partial Reflux: Nature of the 
Flows—tThe flows of matter in a continuous multi- 
stage separation process involving reflux may be 
separated for purposes of discussion into two parts: 
the flows which comprise the reflux aspects of the 
process, and the flows of feed, waste, and product 
which give the process its continuous nature. In 
many processes, such as distillation, these flows are 
readily distinguishable as actual quantities of matter 
moving up and down the column. 

In distillation a countercurrent flow exists between 
rising vapor and falling liquid, and calculations of 
column performance involve these flows in the form 
of the reflux ratio, which, by one definition, is the 
ratio of liquid downfiow to distillate removed.** 

In zone-void refining the effects of countercurrent 
flow between liquid and solid phases are achieved 
by the molten zones. While the liquid in the zones 
does not flow in quite the same sense as the liquid 
in a still, the effect on solute distribution of passing 
a molten zone down* a column is much the same 


* In the system under consideration, solute travels with the zones, 
down the column, leaving as waste; solvent travels opposite the 
zones, up the column, leaving as product. 


as if the same volume of liquid actually flowed down 
the column, equilibrating itself with the solid as it 
traveled. Thus the volume flow of molten regions 
down the column may be considered as analogous 
to the liquid downflow in distillation. 

Since, in the operation of the refiner, one void is 
created each time a molten zone enters or leaves a 
column section, the ratio 1/(h-l) of molten volume 
to void volume is analogous to a reflux ratio. ' This 
concept is brought out here to indicate the nature 
of the zone-void process. Direct use of a reflux ratio 
as such is not made in the equations which follow. 

A unique aspect of molten-zone, or “zonal,” re- 
flux is the degree of contact between the counter- 
current phases. In distillation the approach to com- 
plete equilibration is limited by the degree of con- 
tact, that is, the interfacial area between liquid and 
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Table |. Values of f in Eq. 4 
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vapor. In zonal reflux, contact is perfect in that the 
solid phase is completely dissolved in the liquid 
phase throughout the cross-section of the zone. The 
perfect contact afforded by zonal reflux greatly 
simplifies column construction in that packing me- 
dia or bubble-cap plates are unnecessary. 

As in distillation, diffusion in the liquid phase 
limits the approach to perfect equilibration. It is 
affected by the rate of motion and degree of stirring 
in the zones. By moving the zone slowly, or by 
stirring the liquid, the equilibrium value of k, which 
gives the greatest separation, can be approached. 
Effective k’s, which obtain at higher rates can be 
determined by simple experiment or from published 
data or theory.* 


* For example, k as a function of growth rate is given by McFee® 
for solutes in NaCl; Slichter and Kolb,7 for solutes in germanium. 
Theory for k under various growth conditions is given by Burton, 
Slichter, and Prim’ and Wagner.® 


The flow rates of feed, waste, and product, desig- 
nated F, W, and P, respectively, are determined by 
the volume flow rates of voids, as has been indi- 
cated. They are related by the overall material 
balance 

F=W +P. [5] 


If the flows of waste and product are properly co- 
ordinated, the feed tank will remain at the feed 
concentration, C,;.** The ratio P/W will depend on 


** While this condition is not a necessary one for operation of 
the refiner, it shall be assumed in the following. 


C, and C,, the concentrations of solute in product 


/FEED IN 
--FEED TANK 
of 
COIL 
o FEED LIQUID ===-10 
777 
>9 
ao 
uv) WwW 


WASTE PRODUCT 
OUT OUT 


Fig. 5—Complete zone-void refiner (schematic). 
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and waste, as follows: Let 
[6] 


= [7] 


From Eqs. 5, 6, and 7 and a solute balance, the fol- 
lowing is obtained 


For example, if 8 = 3.5 and a = 0.01, the ratio P/W 
is 2.52. This ratio can be achieved in various ways, 
e.g., by different cross-sections in the two sections 
of the column, by different void-lengths, . heater 
spacings, or travel rates. 

Next, operation of the refiner in the steady state 
will be described and equations for the steady states 
in the enriching and stripping sections will be given. 
These together with Eq. 8 provide an outline of de- 
sign theory required to construct a zone-void re- 
finer for a given problem of separation. (Construc- 
tional details and heat balances will not be con- 
sidered here.) The writer is greatly indebted to 
H. Reiss for the mathematical conception and solu- 
tion of these steady-state equations, as well as for 
much valuable insight as to their interpretation. 

The enriching and stripping sections meet at the 
feed inlet or tank and have in common at this point 
the feed concentration, C;. Feed entering the col- 
umn divides into two portions, one of which travels 
through each section. The action of the enriching 
section is to remove solute from that portion of the 
feed which travels through it and to transfer this 
solute to the feed tank. The action of the stripping 
section is to remove solvent from that portion of the 
feed which travels through it and to Be TSS this 
solvent to the feed tank. 

Equations for Enriching Section—When a molten 
zone travels through the enriching section, from 
product exit to feed inlet, the following events, 
which can be visualized with the aid of Fig. 6, occur: 

1—A void is formed by draining out length h-l 
of material at the product exit. 

2—The void travels through the section, causing 
a shift in the solute distribution a distance h-l 
toward the exit. 

3—The zone, in its travel through the section, re- 
moves solute therefrom and transports it toward the 
feed tank. 

4_-The zone arrives at the feed tank and its con- 
tents mix with the feed liquid. Solute is transferred 
to the feed tank because the concentration in the 
zone is greater than C,. 


©) ra 

Zz / 

= 

PRODUCT 

c(x+h) FEED 

INLET 
c(x+ Pos 

9 c(x) 

5 


DISTANCE X FROM PRODUCT EXIT 


Fig. 6—Steady-state solute distribution in enriching section 
(full). Shift in the distribution caused by passage of void is 
shown by dashed curve. 
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Table II. Limits of the Purification Ratio, a = Cp/C;, 
for Enriching Section 
Range of a 
Value - Range of Range of Sign of 
ofk L=0 L=o Be 
y 
k<Vh 0 0 to —1 to 0 (+) 
l+w 
YWh<k<l y 0 tok <-1 (—) 
l+w 
wy 
k>1 — wy k to +0 >0 (—) 
l+w 


If the steady state has been reached, the sequence 
of steps 1 to 4 leaves the solute distribution in the 
column section unaltered. It can be shown from a 
solution of the steady-state equations (see Ap- 
pendix) that the section length L, required for a 
separation ratio a in the enriching section is given by 


where B., , and w are constants depending on h, l, 
and k and are given by 


(1-k) Bl 

= (hk-1)/(h-l). [12] 


The length L, of the column section in Eq. 9 is de- 
fined as the distance from the exit end to the point 
at which the solute concentration in the solid is kC,. 
In practice this length will usually be about one 
heater length less than the actual section length. 
These equations place certain restrictions on the 
values of a which can be attained in a section of 
finite length. These are summarized in Table II, - 
with other pertinent information. The restrictions 
involve the relationship of the parameters h, l, and 


k, where the heater length h is equal to the sum of 


the zone length | and the void length h-l. For k < 1, 
if k<l/h, then there is no theoretical limit on a, an 
a of zero being in principle attainable in a section 
of infinite length. For l/h<k <1, there will be a 
minimum a which is greater than zero, even for an 
infinite section length. For k > 1, values of a greater 
than k are desired and are attainable, but as in 
column 2, Table II, they are limited by the value 
of w. 

Because the equations are least accurate near 
L, = O, the value of a at L = O, w/(1+) in Table 
II is not particularly meaningful. The actual value 
of a for L = O is presumably between 1 and k. 

Illustrative Calculation—Given h = 1, 1 = 0.8, 
k = 0.5, and desiring a = C,/C, = 0.01, find the re- 
quired section length, L.. From Eq. 10 


(0.8) 
e* = 1 + B, ——— 
(0.5) 
From Eq. 11 
0.5 
(0.5) (0.87) (0.8) E ] 0.27. 
From Eq. 12 
0.8 
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Fig. 7—Steady-state solute distribution in stripping section 
(full), showing shift caused by passage of void (dashed). 


From Eq. 9 


(—0.27) | = 4.2. 


(0.434) (0.87) 0.01 


Equations for Stripping Section—The following © 


events, which can be visualized with the aid of Fig. 
7, occur when a molten zone moves through the 
stripping section from the feed inlet to the waste 
exit: 

1—At the start of its travel, adjacent the feed in- 
let, the heater forms a molten zone whose contents 
mix with the feed and thereby assume concentration 
C,. As a result, solute is introduced into the strip- 
ping section, and solvent to the feed tank, because 
C, is greater than the mean concentration which is 
replaced. 

2—The molten zone travels through the section, 
the first-to-freeze concentration being kC,. 

3—When the leading edge of the heater reaches 
the end of the section, further travel causes solidifi- 
cation of the zone by normal freezing, as can be 
seen from Figs. 4 and 7. 

4—-When the leading edge of the heater reaches 
the lower end of the exit tube of the void generator, 
the remaining liquid runs out, as waste. This liquid 
is concentrated in solute, due both to the zone-re- 
fining action in the section and to the normal freez- 
ing action at the end of the section. 

5—The void which is formed in step 4 travels with 
discontinuous motion through the stripping section 
to the feed tank and thereby shifts the solute dis- 
tribution one void length toward the waste exit. Its 
travel requires the cooperation of succeeding molten 
zones and depends on the length and spacing of the 
heaters. 


Table Ill. Limits of 8 for Stripping Section 


Range of B 


Value of Sign 
k Ls=0 Ls=0 Sign of y of Bs 
k<l k/6 h(1-k) / (+) if B<h (1-k) / 
(h-l) (h-l) (+) 
k/6 h(1-k) / (—) if B>h(1-k)/ 
(h-1) (h-l) * G 
1<k<h/l k/6 0+ (—) + 
k>h/l (k-y) /6 (+) (—) 


*Note 1: If B>h(1-k)/(h-l), then B at Ls = « will be less than 
k/6, and hence a normal freezing section only, is indicated. For 
k<l1, k/6 is always >1. 

. Fete 2: B = 0 occurs at Ls = 1-k/6, suggesting that a perfect 
separation can be approached at finite Ls for 1<k<h/l. 
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6—In its travel the molten zone encounters a 
number of voids. Each encounter advances the zone 
one void length, (h-l). One encounter occurs for 
each heater ahead of the heater at the feed tank, 
because each such heater in effect produces one void 
which eventually must pass the heater in question. 
These advances shorten the effective length of the 
section for refining. 

As in the enriching section, a steady state is 
reached. It can be shown (see Appendix) -that the 
section length L, required to produce a separation 8 
is given by 


where B,, 6, and y are constants depending on h, l, k, 
and f are given by 


[14] 


= [15] 


B[(h-l)6-h(1-k) ] 
(1 + — 


The length L, of the column section in Eq. 13 is de- 
fined by 


[16] 


[17] 


where L’, is the actual section length and n, is the 
number of void encounters. 

The quantity 6 represents the contribution of nor- 
mal freezing action to the solute-concentrating ac- 
tion of the stripping section. Its value is the ratio of 
the concentration of the solid at the start of normal 
freezing to that of the liquid waste, C,,. Under cer- 
tain conditions normal freezing will represent the 
major contribution to the concentrating action in the 
stripping section. In such cases, it may be desirable 
therefore to have a short stripping section, in which 
normal freezing constitutes the entire action. 

The restrictions which the equations place on the 
attainable values of 6 are indicated in Table III with 
other pertinent information. 

In the stripping section, 6 > 1 is desired for k < 1 
and 6 < 1 is desired for k > 1. The value of £6 at 
L, = 0 in Table III is felt to be exact, as it can be 
shown that: 8 will have this same value, k/é, for a 
normal freezing section only, of length h. Table III 
shows that a limit on 8 exists, except for the case 
1<k-<h/l. For this case the equations suggest that 
a 6 of zero is attainable at a total section length, L’,, 
which is less than 2h. While a tendency undoubtedly 
exists for this remarkable condition to be ap- 
proached, the equations are not sufficiently accurate 
in this range of L, for the expectation that it will be 
attained completely. 

Illustrative Calculation—Given h = 1, 1 = 0.9, 


(1) 
= 1 + (B,) 
(0.5) 
0) 
From Eq. 15 


0.1 0.5 
From Eq. 16 
(0.1) (3.5) —1((0.5) 


(1.40) = 0.127. 
(1 + 1.40 — 
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From Eq. 13 


| 


= +0.26. 


(0.434) (1.40) 


From Eq. 17 


(The section length is too short to have more than 
one heater. Hence n, is zero.) 


General Considerations 

The significant parameters of a zone-void refiner 
are the zone length 1, the heater length h, and the 
heater interval d. A general design objective is to 
have all of these as small as possible for the follow- 
ing reasons: Reducing h and d reduces the holdup 
(amount of material in the refiner) and the startup 
time (time to reach the steady state). Reducing h 
increases the number of stages in a column of given 
length. Reducing d increases the yield of product 
per unit of time. The value of l is dictated primarily 
by the separation equations and how small a value 
of (h-l) is practical. 

In this connection in scaling up a refiner to handle 
large volumes of material, every effort should be 
made to keep 1 as small as possible while increasing 
the cross-sectional area of the zones to a desired 
value. Values of | of the order of inches or less with 
areas of the order of square feet appear quite feasible. 

A mechanically simple zone-void refiner could be 
constructed with but one heater in each section or 
even with one heater in all. It could produce separa- 
tion equivalent to that of a multiheater refiner, but 
the yield per unit time would be less. 

While a refiner with an enriching and a stripping 
section has been discussed, it will be evident that a 
refiner with only one section, in which the feed inlet 
would be close to either exit, can be constructed 
from these principles. The design illustrated is merely 
exemplary and many variations of the zone-void 
technique are possible, including, for example, col- 
umns of helical form. 

In common with batch zone-refining, the zone- 
void process is particularly applicable to crystal- 
lization from the melt and to systems in which bulk 
solids can be readily frozen with a smooth liquid- 
solid interface and without entrapment of liquid. 
With respect to crystallization from solvents, the 
zone-void process has a distinct advantage in that 
fresh solvent can be continuously introduced and 
removed. For systems having a tendency to freeze 
out fine crystals, either process can still be used to 
advantage even though the situation is somewhat 
less ideal. 

It is recognized that the assumption that k is con- 
stant, upon which the equations are based, is not 
applicable to all solute-solvent systems. It is felt 
to be reasonable for low concentrations of solute but 
it obviously cannot hold for wide ranges of concen- 
tration, as in binary systems of complete solubility. 
In such cases it may be more fruitful to use a para- 
meter such as the separation factor a, used in dis- 
tillation, defined by 

y(1-x) 
x(1-y) 
where x and y are mol fractions of a component in 
liquid and vapor; as such a parameter may vary less 


with composition than k does. 
The approach to the steady state will be slower 


302—JOURNAL OF METALS, FEBRUARY 1955 


the closer k is to unity. This problem has been treated 
by Reiss” who finds that for k’s of about 0.5 or more 
several hundred passes may be needed to sensibly 
approach the steady state.* This fact emphasizes the 


* The statement in ref. 1 that “‘. . . at least 14 passes are required 
to approach the ultimate distribution [in batch zone-refining] .. .” 
is valid for k’s of about 0.1 but is a serious understatement for k’s 
closer to unity. 


value of a continuous zone-refining method, for once 
the steady state is reached all material which is pro- 
cessed receives the maximum separation; and the 
time required to pass a quantity of feed through the 
refiner is relatively short compared to the time to 
attain the steady state. 


Appendix: Derivation of Steady-State Equations 
(after H. Reiss) 

Enriching Section: Let C(x), Fig. 6, be the solute 
distribution in the steady state. Pass a molten zone 
of length 1 and a void of length (h-l) through the 
section from the product exit to the feed inlet. The 
effect of the void is to shift C(x) to the left a dis- 
tance (h-l), as shown, raising the solute concentra- 
tion at all points. The molten zone sweeps this extra 
solute out, returning the C(x) curve to its original 
position. The abscissae of certain points on the 
shifted curve in Fig. 6, are shown in terms of their 
corresponding abscissae on the C(x) curve. 

Consider a molten zone at position x. The amount 
of solute in it is 


C(x) 


This amount is the difference between the amount 
under the shifted curve from 0 to x + 1 and the 
amount under the C(x) curve from 0 to x. There- 
fore the following may be written 


l ath 
cia) = f C(x)dx. [18] 


The solution of Eq. 18 is 


Cia [19] 


If the boundary condition C(L) = kC, = A,. + A,,e” 
is assumed, the constants A,., A», and B. can be 
evaluated. 

Substituting Eq. 19 in 18 and equating the e”* 
terms, the following is obtained 


[10] 


Equating the constant terms, and utilizing the 
boundary condition, gives 


kC, 
A, 
[20] 
wokC, 
Tile 
[21] 
where 
(1-k)Bl 
The product concentration C, is 
(A, A,e”*) dx 
= = 
(h-1) 
Bc(h-l) 
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1 


From Kgs. 20, 21, and 22, it is straightforward to 
show that 


= 1) [23] 
a 
(+-1) 
where 
hk-l 
[12] 
and 
= [6] 


Stripping Section: Let C(x), Fig. 7, be the solute 
distribution in the steady state. The curve has two 
portions, a zone-refining portion and a normal- 
freezing portion, which are joined at x = L,. The 
effect of forming a void at the waste exit and caus- 
ing this void to travel to the feed inlet is to shift 
C(x) to the right a distance (h-l), as indicated by 
the dashed curve. When the molten zone begins its 
travel, adjacent the feed inlet, it contains molten 
feed of concentration C,, as indicated by the dashed 
rectangle. Hence the first solid to freeze has con- 
centration kC,. The liquid waste of concentration C,, 
which is ejected at the end of the cycle corresponds 
to the portion of the normal-freezing distribution 
beyond x = L, + l. 

By reasoning similar to that for the enriching 
section, it can be shown that the integral equation 
for the steady state, valid up to x = L,, is 


h oth 
nc, +f C(x—h-+ ll) dx — 


f [24] 
Eq. 24 transforms to 


k 
C(x) =— [ ne, f C(x) dx — 


eee, 


The solution of Eq. 25 is 

Substituting Eq. 26 in 25 and equating the e”* terms, 
the following is obtained 


h 
[14] 


Equating the constant terms, and using Eq. 14, gives 
kG p= As, [27] 


which is already known to be a boundary condition 
at x = 0. Another relation between A,, and A,, can 
be gotten from a solute balance over a cycle. Equat- 
ing solute entering to solute leaving, the following 
is had 


hC, = C(x) da + (h-1) BC, [28] 


where @ = C,,/C,;. From Eqs. 27 and 28 are obtained 
[29] 


A, = (k-y)C, [30] 
where 
(h-1) B—h (1-k) 


[16] 
(1 B.h e”s”) 
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To obtain a relation between L, and 8, it is as- 
sumed that Eq. 26 is valid up to x = L, (see Fig. 7) 
and the normal freezing equation is valid from x = 
L, tox = L, + h. Then BC, is the concentration in 
the liquid at x = L, + l which is ejected as waste. 
Hence £ can be related, through the normal freezing 
equation, to the concentration in the solid at x = L, 
by a factor 8 as follows 


C(L,) = Ax, + Az, [31] 
[32] 
where 
[15] 


From Kgs. 29 through 32 are obtained 


of 


or 

| Bo-k 
log 
0.434 B, 


[13] 
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PONS 


An Evaluation of Dissociated Ammonia and Hydrogen 


Atmospheres for Sintering Stainless Steel 


by Herbert S. Kalish and Edmund N. Mazza 


The effect of sintering types 302, 302B, and 430 stainless steel powder compacts in hydrogen 
and dissociated ammonia was investigated. It was found that sintering in dissociated ammonia 
resulted in as much as 0.5 wt pct increase in the nitrogen content of stainless steel even though 
the dissociation of the gas was complete. Sintering in hydrogen, on the other hand, reduced the 
nitrogen content of the stainless steel to less than 0.01 wt pct. In the case of the 302-type stain- 
less steel, the low nitrogen content resulted in a material that was largely ferritic, whereas the 
high nitrogen content rendered the material fully austenitic. Sintering in dissociated ammonia 
resulted in lower density, generally lower tensile strength, less ductility, and higher hardness 
than sintering under equivalent conditions in hydrogen. The reduction of oxides on both stain- 
less steel and iron particles was found to be effected by hydrogen partial pressure in the sinter- 
ing atmosphere. Compacting pressure was found also to effect oxide reduction during sintering. 


ISSOCIATED ammonia often is used as a sub- 

stitute’” for hydrogen in sintering and in an- 
nealing, since economic advantages sometimes can 
be obtained by such a substitution. In addition, an- 
hydrous ammonia contains very little impurity. 
Thus, dissociated ammonia gas is very dry whereas 
tank hydrogen often must be freed of oxygen and 
water vapor prior to use in many applications. 

The sintering of stainless steel powder compacts 
as well as bright annealing is well recognized as re- 
quiring a hydrogen atmosphere and for the fore- 
going reasons dissociated ammonia is frequently 
substituted. It has generally been overlooked, how- 
ever, that the nitrogen in dissociated ammonia might 
have an important effect on the sintering process 
and on the properties of stainless steel compacts. 

Considered an inert gas in many applications, ni- 
trogen, on the other hand, is very reactive with cer- 


H. S. KALISH and E. N. MAZZA, Members AIME, are Section 
Head and Senior Engineer, sespectively, Atomic Energy Div., Sylvania 
Electric Products Inc., Bayside, N. Y. 

Discussion of this: paper, TP 3972E, may be sent, 2 copies, to 
AIME by Apr. 1, 1955. Manuscript, Mar. 23, 1954. Chicago Meeting, 
February 1955. 
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tain metals. Dissociated ammonia could not be used 
for hydriding zirconium or titanium. Nitrogen re- 
acts with columbium, tantalum, chromium, uranium, 
thorium, and many other active metals. Iron and 
iron-base alloys are, for the most part, inert in ni- 
trogen but there are many borderline cases. It has 
been reported that stainless steel stabilized with 
columbium or titanium should not be sintered in 
dissociated ammonia.” Molybdenum has been re- 
ported as reacting with dissociated ammonia to a 
minor extent.’ Although most of the reactions with 
iron-base alloys are attributed to the action of un- 
dissociated ammonia and the action of nascent nitro- 
gen, Uhlig* showed how readily pure molecular ni- 
trogen reacts with and diffuses into 18-8 stainless 
steel at 1150°C. He also pointed out how readily 
nitrogen diffuses out of 18-8 stainless steel when 
heated in pure dry hydrogen, and these thorough 
investigations on the subject show that commercial 
stainless steels are nitrogen-bearing, since they are 
melted in air. 

The effects of nitrogen in stainless steel, particu- 
larly the 18-8 Cr-Ni type, previously have received 
considerable attention.’ In 1926, it was pointed out 
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that chromium alloys may contain a\considerable 
amount of nitrogen.’ The many observations and in- 
vestigations indicated that nitrogen stabilized aus- 


tenite and even could be used to replace nickel’ in 


the formation of austenite. As a consequence the 


nitrogen also caused a change in magnetic and elec- 


trical properties and increased the yield strength. 

Improvements in deep drawing properties have 
been reported’ when nitrogen was added to stainless 
steels; and many other effects, some beneficial and 
some detrimental, also have been observed. The ad- 
dition of nitrogen to stainless steel may improve or 
decrease the corrosion resistance depending upon the 
medium, but the subject still seems rather contro- 
versial.* 

Based on this information, different properties 
should be expected for stainless steel sintered or 
even annealed in hydrogen or dissociated ammonia. 
Indeed, the hydrogen treatment should remove ni- 
trogen, whereas dissociated ammonia might impart 
quite different properties by the addition of nitro- 
gen. In this investigation, the effect of nitrogen as 
contained in dissociated ammonia on stainless steel 
during the sintering process was studied. The prop- 
erties of ferrous parts sintered in hydrogen and dis- 
sociated ammonia are evaluated. 


Materials 


The stainless steel powder of primary interest was 
an 18-8 type classified as 302B and obtained from 
Vanadium-Alloys Steel Corp. There is considerable 
information in the literature’™ about this powder. It 
is a high silicon content material made by atomiza- 
tion in water. The silicon tends to make the material 
form more irregularly shaped particles and this re- 
sults in better compaction. The chemical analysis of 
the powder used is shown in Table I. 

The particle shape of this powder is primarily 
spherical with protuberances, but about one-quarter 
of the particles are irregular. The as-received mate- 
rial is basically —100 mesh with a particle size dis- 
tribution as shown in Table II. The apparent density 
of the powder is 2.99 g per cu cm; the pycnometer 
density, 7.65 g per cu cm; and the compression ratio, 
2.15*to 1 tsi. 

For comparative purposes 302-type stainless steel 
powder low in silicon content and a 430-type stain- 
less steel were used. The chemical analysis of these 
powders is shown in Table I. The particle shape and 
size distribution is essentially the same as that for 
the type 302B powder shown in Table II. 

The type 302 and 302B powders are somewhat 
magnetic due either to cold work or to a lack of 
nitrogen or both. The 430 stainless steel powder is, of 
course, completely ferritic and strongly magnetic. 

The iron powder used in this investigation was 
Swedish sponge iron powder type MH-100 manu- 
factured by Hoganas Co. 


Experimental Procedure 


Samples were compacted in all cases without the 
use of lubricant. Two types of samples were com- 


Table I. Chemical Analysis of Several Stainless Steel Powders 


Type | Cc Si Mn Ss P Cr Ni 


302, normal silicon 0.10 0.94 0.40 x 
302B, high silicon 0.11 2.47 0.001 0.023 18.42 8.49 


430, high silicon 0.08 2.18 
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Table II. Particle Size Distribution, Apparent Density, and 
Compression Ratio of Type 302B Stainless Stee! Powder 


Mesh Fraction Wt Pct 


+100 4.7 
—100 +120 10.2 
—120 +140 11.5 
—140 +170 12.6 
—170 +200 13.7 
—200 +230 3.0 
—230 +270 11.3 
—270 +325 9.6 
—325 23.4 


Total 100.0 


Apparent density, 2.99 g per cu cm. Compression ratio (as-re- 
eta powder): 30 tsi, 1.91 to 1; 50 tsi, 2.15 to 1; and 70 tsi, 2.26 


pacted. One was the standard powder metallurgy 
tensile bar 1 in. gage length, with a rectangular 
cross-section of 0.250x0.200 in. in the gage length at 
50 tsi. The thickness of sample varied with compact- 
ing, since a fixed weighed charge of 25 g of powder 
was used for each compact. These compacts after 
sintering were used for tensile strength and trans- 
verse rupture strength measurements. 

The other type was pressed in a cylindrical double 
action die 0.788 in. in diameter to a nominal thick- 
ness of 0.200 in. These compacts were used for as- 
pressed and sintered density measurements, chemi- 
cal analysis, and corrosion tests. 

The samples were sintered at temperatures from 
1200° to 1300°C for % to 1 hr in a fused silica 
3 in. diam tube globar-heated furnace. Where gas 
mixtures were used, the mixture was made prior to 
the purification train, which enabled the most effi- 
cient purification of the gases. The gas passed through 
a Deoxo unit (palladium catalyst), Lectrodryer (ac- 
tivated alumina), and a dry-ice-acetone cold trap. 
This insured a dew point of —68°C. Since dissociated 
ammonia is very low in oxygen and consequently 
very dry, the purification train was bypassed for 
these runs. 

The furnace tube was kept well closed at both 
ends during operation, flame curtains were avoided, 
and thorough purging of the tube was used before 
the charge was stoked into the furnace and after it 
had emerged to the cooling chamber. 

Analysis for nitrogen, hydrogen, and oxygen in the 
powders and sintered compacts was by vacuum 
fusion. 


Sintering Prealloyed Stainless Steel 

Early in investigatory work on sintering of stain- 
less steel, it was found essential to have a reducing 
atmosphere and, since a carburizing atmosphere 
would be prohibitive, pure hydrogen was a basic 
choice.” ““ The powders as-manufactured contain 
oxide film which must be reduced during sintering 
or by prior hydrogen reduction. Pickling was deemed 
impractical in experiments made by Vanadium- 
Alloys Steel Corp.” 

The ‘oxide films are in no way detrimental, and 
prior reduction:is not considered practical. During 
sintering, an adequately dry hydrogen atmosphere 
is needed to maintain .oxide-free parts, and such an 
atmosphere will readily reduce the oxides present. 
The dryness of the atmosphere is indeed a variable 
unless maintained below a specific level, and this 
led to the use of a cold trap. 

With the methods described, it was possible to 
produce sintered parts which were extremely bright 
and appeared to be free of oxide film. In addition, it 
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a—Sintered in dry 
hydrogen. 


b—Sintered in dis- 
sociated ammonia. 


Fig. 1—Microstructure of type 302B (high silicon) stainless steel compacts sintered 12 hr at 
1210°C in dry hydrogen and dissociated ammonia. X250. Area reduced approximately 45 pct 
for reproduction. 


is quite likely that the reduction of the oxide films 
during sintering increases the rate of sintering by 
presenting an active surface layer of metal for bond- 
ing between particles. 


Effects of Sintering Atmosphere on the Properties . 

Preliminary experiments were made using a pure 
hydrogen atmosphere compared to a mixture by vol- 
ume of 3 parts of hydrogen and 1 part of nitrogen. A 
large series of samples were sintered in each atmos- 
phere at 1210°C for 4% hr. The results were very re- 
vealing. 

The samples sintered in hydrogen had a brighter 
appearance and showed significantly greater shrink- 
age than those sintered in the synthetic dissociated 
ammonia atmosphere. In addition, after sintering in 
hydrogen the compacts were magnetic, as was the 
powder from which the compacts were made, but the 
3H, + N, mixture rendered the compacts nonmag- 
netic after sintering. 

The microstructure as shown in Fig. 1 and the 
nitrogen analysis of Table III revealed exactly what 
had occurred. Sintering in hydrogen had reduced the 


Table III. Nitrogen Analysis of Type 302B (High Silicon) Stainless 
Steel Compacts Pressed at 50 Tsi and Sintered ¥2 Hr at 1210°C in 
Dry Hydrogen and a Dry Gas Mixture of 3 Parts Hydrogen and 
1 Part Nitrogen 


Sample Nitrogen Content, Wt Pct 
As compacted 0.076 
He sintered 0.008 
+ Noe sintered 0.348 


nitrogen content appreciably, whereas about 0.3 pct 
of nitrogen was picked up by the stainless steel when 
sintering was carried out in a 3H,-++1N, mixture. The 
low nitrogen content of the hydrogen sintered com- 
pact caused a large amount of ferrite to form. Fig. la 
reveals about 25 pct ferrite, as shown by the dark 
etched grains after utilizing the stained ferrite 
etchant as outlined in ASTM designation E3-39T.” 
The high nitrogen content of the compact sintered in 
a H-N gas mixture, on the other hand, stabilized the 
austenite. The microstructure of such a compact is 
shown in Fig. 1b. The stabilization of the austenite 
might, in itself, be beneficial as indicated by other 
investigators, but the retardation of the sintering 
process and the actual effect of this on the properties 
of sintered stainless steel could be most important. 

A complete series of samples was then sintered for 
¥% hr at 1210°C in hydrogen and in actual dissoci- 
ated ammonia. The results of this investigation are 
shown in Table IV. In all cases the density of hydro- 
gen-sintered samples was better than that of sam- 
ples sintered in dissociated ammonia. With the 
coarser particle sizes, the tensile and transverse-rup- 
ture strengths were superior with hydrogen sinter- 
ing, but with finer particle size, the strength of the 
stainless steel sintered in dissociated ammonia was 
greater. Ductility, as indicated by the elongation, 
was appreciably higher for compacts sintered in hy- 
drogen than for those sintered in dissociated am- 
monia and the hardness data agree with these results. 

Sintering at higher temperatures and for longer 
times, as shown in Table V, resulted in a consider- 
able improvement in the properties regardless of 


Table IV. Effect of Sintering Type 302B (High Silicon) Stainless Steel in Hydrogen and in Dissociated Ammonia 
for Hr at 1210°C 


Density, G per Cu Cm 


Compacting Ultimate Transverse- 
Powder Pressure, Sintering Com- Sin- Tensile Rupture Elonga- Hard- 
Fraction Tsi Atmosphere pacted tered Strength, Psi Strength, Psi tion, Pct ness,RF 

—100 mesh 30 Hydrogen 5.71 5.71 
—100 mesh 50 Hydrogen 6.47 6.51 24,400 78,600 6.6 69 
—100 mesh 70 Hydrogen 6.63 6.69 33,600 76,300 10.1 83 
—100 mesh 30 Dissociated NHs 5.71 5.67 _ 
—100 mesh 50 Dissociated NHa 6.39 6.39 20,000 57,500 0.4 78 
—100 mesh 70 Dissociated NHz 6.71 6.65 27,600 70,300 0.7 89 
—230+270 30 Hydrogen 5.57 5.63 17,800 47,300 5.8 35 
—230+270 50 Hydrogen 6.33 6.39 30,800 76,800 10.0 71 
—230+270 70 Hydrogen 6.60 6.66 38,900 90,800 12.6 81 
—230+270 30 Dissociated NHz 5.57 5.55 11,600 39,500 1.0 49 
—230+270 50 Dissociated NHz 6.33 6.34 25,700 63,500 14 80 
—230+270 70 Dissociated NHs 6.60 6.56 33,300 80,800 1.5 87 
395 30 Hydrogen 5.67 5.84 19,800 50,600 5.3 47 
—325 50 Hydrogen 6.37 6.51 33,500 79,200 13.1 70 
—325 70 Hydrogen 6.63 6.72 37,300 91,300 17.0 81 
— 325 30 Dissociated NHa 5.67 5.66 15,200 53,400 1.5 64 
—325 50 Dissociated NHz 6.33 6.37 39,800 82,100 3.9 84 
— 325 70 Dissociated NHs 6.63 6.63 50,400 103,500 4.8 90 
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Table V. Effect of Sintering Type 302B (High Silicon) Stainless Steel in Hydrogen and in Dissociated Ammonia for 
1 Hr at 1275°C 


Compacting Sintered Ultimate Transverse 
Sintering Density, Tensile Rupture Elonga- Hard- 
ES) Atmosphere G per Cu Cm Strength, Psi Strength, Psi tion, Pct ness, RF 
—100 mesh 70 Hydrogen 7.01 
= 100 mesh 70 Dissociated 6.95 43500 91 
Hydrogen 6.31 24,500 83,700 5.9 67 
oe Hydrogen 6.70 45,650 113,750 16.3 Baer 
30 Dissociated NH3 6.23 19,700 62,800 0.7 55 
+270 50 Dissociated 6.57 32,600 98,200 4.3 81 
= 525 30 Hydrogen 6.70 19,400 85,800 7.4 70 
Rose 50 Hydrogen 6.89 42,900 115,800 13.9 81 
— $25 70 Hydrogen 7.06 56,400 141,300 22.7 88 
30 Dissociated NH3 6.43 14,600 68,800 3.0 70 
—325 50 Dissociated NH3 6.70 52,600 110,000 9.0 85 
—325 70 Dissociated NH3 6.96 63,800 140,000 11.5 95 


condition, but identical trends prevailed. Sintering in 
dissociated ammonia resulted in poor density, poor 
ductility, and, except for the —325 mesh powder, in 
decreased tensile strength. Improved tensile strength 
is to be expected as ductility decreases and hardness 
increases, but only where sufficient densification oc- 
curs does this effect result in a strength higher than 
is obtained after sintering in hydrogen. 

The vacuum-fusion gas analysis for stainless steel 
sintered in actual dissociated ammonia is shown in 
Table VI in comparison to samples sintered in hy- 
drogen. Oxide reducton is retarded by sintering in 
dissociated ammonia and very significant amounts of 
nitrogen are picked up. A comparison of this data 
with Table III, where a synthetic mixture of dry hy- 
drogen and nitrogen was used, clearly indicates that 
nitrogen pickup is not a function of undissociated 
ammonia, The nitrogen content for samples sintered 
W% hr at 1210°C is almost identical in both cases, 
viz., 0.348 in the synthetic H-N mixture and 0.388 in 
dissociated ammonia. To verify that the presence of 
hydrogen was unnecessary and that the stainless 
steel can absorb nitrogen in large amounts from 
molecular nitrogen, 302B stainless steel compacts 
were sintered in pure dry nitrogen. These results are 
shown in Table VI for the purpose of comparison 
with the hydrogen and dissociated ammonia data. 
The results show clearly the large amount of nitro- 
gen which was picked up—almost identical to that 
found after sintering in dissociated ammonia. No 
oxide reduction took place in the nitrogen atmos- 
phere, however, and this resulted in a compact which 
had no bond between particles, and hence the sin- 
tered compact was essentially in the as-pressed con- 
dition. The only change in the compact which had 
been effected by sintering in nitrogen was the large 
increase in nitrogen content and a conversion of the 
powder from a mixed ferrite and austenite to a fully 
austenitic structure. 

Since the nitrogen which is absorbed from disso- 
ciated ammonia manifests itself in stabilizing the 
austenite in the type 302B stainless steel, it must be 
primarily in solid solution although the precipita- 
tion of nitrides (CrN and Cr.N) is also probable. In 
addition, the nitrogen seems to prevent grain bound- 
ary movement and retards the sintering process. 
This prevention of grain boundary movement veri+ 
fies earlier work in which it has been reported that 
nitrogen is a grain refiner in wrought stainless steel." 
Table VI reveals that the nitrogen content is a maxi- 
mum for samples sintered at 1200°C in dissociated 
ammonia with decreasing content for higher tem-~- 
peratures. Apparently the limit of nitrogen solubility 
is obtained in these compacts during sintering, and 
this is about a maximum at sintering temperatures. 
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Table VI. Vacuum-Fusion Gas Analysis for Type 302B (High Silicon) 
Stainless Steel Compacts Pressed at 50 Tsi and Sintered as 
Indicated in Dry Hydrogen or Dissociated Ammonia 


Sintering Gas Content, Wt Pct 
Tempera- Time, Nitro- 
ture, °C Hr Atmosphere Hydrogen Oxygen gen 
Green Compact 0.0005 0.085 0.065 
1200 Ye Dry hydrogen 0.0005 0.017 0.007 
1200 Wy Dissociated 0.0005 0.036 0.474 
ammonia 
1200 wy Dry nitrogen 0.0023 0.093 0.520 
1210 Y% Dry hydrogen 0.0017 0.007 0.008 
1210 wy Dissociated 0.0003 0.034 0.388 
ammonia 
1300 1 Dissociated 0.0001 0.016 0.309 
ammonia 


The fact that the nitrogen content, and hence 
solubility, decreases markedly from 1200°C as tem- 
perature is increased, is verified by the nitrogen 
analysis data shown in Tables III and IV, both of 
which represent additional independent data used to 
investigate the nitrogen absorption effect. 

The hydrogen content seems to be unchanged by 
sintering, differences noted probably being insignifi- 
cant. The differences in oxygen content are, how- 
ever, quite significant and show that less oxide re- 
duction is obtained in the dissociated ammonia 
atmosphere than in the pure hydrogen atmosphere. 
This oxide reduction effect is either a function of the 
nitrogen being absorbed in the stainless steel or the 
reduced partial pressure of the hydrogen in the gas 
mixture. 

In addition to interest in determining the source of 
the decreased oxide reduction, it is important to de- 
termine if reduced hydrogen partial pressure caused 
by the nitrogen dilution has any effect on the sinter- 
ing of the stainless steel and also to determine the 


Table VII. Vacuum-Fusion Gas Analysis and Hardness for Iron 

Compacts Sintered in Hydrogen, 75 Vol Pct H-25 Pct N, and 

75 Vol Pct H-25 Pct Argon Gas Mixtures for 2 Hr at 1200°C. 
All Gases Were Dried to a Dew Point of —68°C 


Com- Gas Content, Wt Pct 
pacting Hard- 
Sintering Pressure, Hydro- Oxy- Nitro- ness, 
Atmosphere Tsi gen gen gen Rr 
Hydrogen 30 0.0035 0.082 0.003 39 
Hydrogen 710 0.0013 0.139 0.004 71 
3 hydrogen + : 
argon 30 0.0008 0.105 0.002 38 
3 hydrogen + 
argon 70 0.0013 0.188 0.002 72 
3 hydrogen + 
nitrogen 30 0.0006 0.104 0.010 48 
3 hydrogen + 
nitrogen 70 0.0024 0.192 0.004 77 
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Table VIII. Properties of Sintered Type 302 and 302B Stainless Steel and Cast Type 302 as Affected by Nitrogen 
Content. Sintered.Material Made from —325 Mesh Powder Compacted at ‘70 Tsi and, Sintered at 127526 


302 Sintered 302B Sintered 


302 Casts Uhlig‘ 302 Sintered for 1 Hr for 4 Hr Sintered for 1 Hr for 4 Hr 
In In \ In In Dis- In Dis- ; In In Dis- In Dis- 
Hydrogén Nitrogen Hydrogen sociated sociated Hydrogen sociated sociated 
Ammonia Ammonia Ammonia Ammonia 
(1) (2) (3) (4) (6) (7%) 
Structure Partially Austen- Partially Austen- « Austen- Partially Austen- Austen- 
Ferritic itic Ferritic itic itic Ferritic itic itic 
Nitrogen analysis, : 
pet 0.001 0.24 —_ 0.427 0.413 — 0.321 0.333 
Density, g per 
cucm 7.76 7.90 6.93 6.59 6.83 7.33 6.63 6.70 
Ultimate tensile 
strength, psi 117,000 104,500 62,000 54,400 68,467 93,357 69,400 73,533 
Elongation, pct* 65 59 15 6 11 37 13 14 
BHN 246 148 100 117 138 158 123 139 


* Cast: 2 in. gage length. Sintered: 1 in. gage length. 


effects of nitrogen on other ferrous alloys. For this 
purpose an abbreviated investigation using iron 
compacts was undertaken, the results of which 
showed quite clearly that sintering of iron is not 
retarded by the use of a N-H or hydrogen-argon 
mixture. However, the samples sintered in a nitro- 
gen-bearing atmosphere were, as indicated in Table 
VII, somewhat higher in hardness. 

Vacuum-fusion gas analysis as shown in Table VII 
revealed some extremely interesting effects. The 
oxygen content of iron samples sintered in a pure 
hydrogen atmosphere is lower than samples sintered 
in a 75 vol pct H mixture containing either nitrogen 
or argon. In addition, the oxygen content is consid- 
erably lower in samples compacted at 30 than at 70 
tsi. In the denser compacts, i.e., those compacted at 
higher pressure, less contact of the hydrogen can 
occur with the oxide surfaces and effect reduction. 
Furthermore, as the pores become closed by sinter- 
ing, water vapor formed by the reduction of the 
oxides cannot escape and this would tend to retard 
reduction. 

Of most importance, however, is the effect of re- 
duced partial pressure of hydrogen on the reduction 
of the oxides in the iron powder. This is an impor- 
tant result indicating that sintering atmospheres can 
have some very subtle effects on the ultimate prod- 
uct. Of course, the implications of greater oxide re- 
duction with lower compacting pressure cannot be 
ignored, which may help to explain the relatively 
larger amount of densification which often occurs 
with compacts pressed at lower pressures. In these 
iron compacts, however, virtually no densification 
occurred during sintering. Even so, the effects are of 
considerable significance. 

The effect of nitrogen, however, is not nearly as 
obvious from the analysis. The nitrogen content of 
0.010 encountered in the 30 tsi compact sintered in 
the H-N mixture is the highest of any of the iron 


Table IX. Vacuum-Fusion Gas Analysis of Various Basic Types of 
Stainless Steel Sintered in a Mixture of 3 Parts of Hydrogen and 1 
Part of Nitrogen by Volume. Sintered for ¥2 Hr at 1200°C in Gas 

Dried to a Dew Point of —68°C 


Gas Content Wt Pct 
Stainless 


Steel Type Hydrogen Oxygen Nitrogen 
302 (normal silicon) 0.003 0.072 0.567 
302B (high silicon) 0.002 0.047 0.513 
430 (high silicon) 0.002 0.051 0.247 
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samples. This seems to indicate that some increase in 
nitrogen content can occur in sintering in a dissoci- 
ated ammonia atmosphere even where the degree of 
dissociation is complete. The nitrogen increase ac- 
counts nicely for the slightly higher hardness of 
these compacts and is, indeed, the only plausible 
explanation. 

The effect of sintering in a mixed atmosphere con- 
taining a true inert gas and the effects of different 
compacting pressures on the oxide reduction was so 
pronounced in iron that it was important to see how 
these effects manifested themselves in type 302B 
stainless steel. A series of samples was compacted at 
30 and 70 tsi and sintered % hr at 1200°C in hydro- 
gen and in mixed atmospheres. The effects were very 
similar to those found in iron. Oxide reduction was 
far less in stainless steel compacts sintered in the 
atmospheres containing 1 part argon, helium, or ni- 
trogen to 3 parts of hydrogen than in a pure hydro- 
gen atmosphere. Thus, reduced partial pressure of 
hydrogen appreciably lowers the reducing potential 
of the gas. The effect of compacting pressure on the 
oxygen content after sintering was even more pro- 
nounced for the 302B stainless steel than for iron 
and the effcts were greatest where the most densifi- 
cation during sintering occurred. Thus, as the com- 
pact becomes less porous during sintering, oxide 
reduction is impeded just as it is by less initial po- 
rosity because of higher compacting pressure. 

Although these oxide reduction effects could be 
very significant in some metals, they seemed to have 
no effect on the properties of 302B stainless steel. 
Compacts sintered in hydrogen diluted with argon or 
helium showed the same shrinkage, same sintered 
density, and identical hardness as compacts sintered 
in a pure hydrogen atmosphere. Nitrogen dilution 
has a very significant effect on the properties, as 
indicated previously. Thus, the effects of nitrogen in 
dissociated ammonia can be isolated. Dilution of the 
hydrogen gas is responsible for less oxide reduction 
but the nitrogen diffusing into the stainless steel is 
responsible for all the property changes, i.e., the 
nitrogen causes the densification to be retarded, re- 
sults in lower ductility, higher hardness, and gener- 
ally lower tensile strength in the sintered compacts. 

To gain a better understanding of the effect of 
increased porosity due to the presence of nitrogen 
during sintering as opposed to the intrinsic property 
effects caused by the nitrogen in the stainless steel, a 
comparison was made with Uhlig’s* data, as shown 
in Table VIII. 

First, it must be realized that more nitrogen is 
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dissolved during sintering than during melting be- 
cause of the large surface area of the metal exposed 
to the gas. In-.additioh, sintering temperatures coin- 
cide with the’ upper portion of the y loop and the 
nitrogen solubility dn austenite is much greater than 
in ferrite. On this basis, then, in comparing the data 
of this investigation with Uhlig’s, the lower nitrogen 
content of the latter must be kept in mind. 

Also of importance is the fact that no attempt was 
made to obtain the densest possible sintered material 
for this investigation so the densities aré consider- 
-ably lower than that obtained in the cast material. 
The true density of austenite is considerably greater 
than ferrite, indicating that the austenitic sintered 
product has even more porosity than indicated sim- 
ply by the difference in density. 

The key to the comparison, however, lies in the 
hardness and tensile strength. Uhlig shows lower 
hardness and tensile strength for the fully austenitic 
nitrogen-bearing stainless steel than for the nitrogen- 
free partially ferritic stainless steel, whereas this 
investigation shows higher hardness and higher ten- 
sile strength (where densities are anywhere near 
the same) for the former. Sintering in the presence 
of nitrogen so retards the sintering process that 
much greater porosity results. Even so, in the case of 
302, the hardness was higher for the fully austenitic 
product. When a longer sintering time is used, the 
hardness and the tensile strength becomes consider- 
ably higher than the hydrogen sintered compact, 
even though there is still considerable porosity. 

Assuming the validity of Uhlig’s data, it seems 
logical to conclude, then, that the higher tensile 
strength and hardness observed for the sintered 
austenitic stainless steel over the sintered ferritic 
stainless steel is due to the excess amount of nitro- 
gen dissolved at the sintering temperature. Upon 
cooling, this must precipitate out as nitrides (CrN or 
Cr.N), making the austenitic product harder. These 
precipitates, if present, are too small to resolve 
metallographically and X-ray diffraction studies 
were considered beyond the scope of this investiga- 
tion. 

It is interesting to note the dramatic effect of 
silicon for obtaining optimum sintered properties in 
this material, as shown in Table VIII for the 302B 
stainless steel. This data is for some of the newest 


Fig. 2—Corrosion of sintered stainless steel disks after 10 days in 
distilled boiling water. Sample 371 compacted at 70 tsi and sin- 
tered in dissociated ammonia. Samples 332 and 372 compacted at 
30 and 70 tsi, respectively, sintered in hydrogen. 
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Table X. Effect of Sintering Atmosphere on the Corrosion Resistance 
of Type 302B Stainless Steel Compacts in Distilled 100°C Water. 
Compacts Pressed cand Sintered as Indicated 


Corrosion Rate in Weight Gain 


Com- 2 Mgm per Sq Cm at the 
pacting intered ’ Following Times 
Pres- Density, 
sure, Sintering G per 48 141 188 v 235 
Tsi Atmosphere Cu Cm Hr Hr Hr Hr 
30 Hydrogen 5.84 0.052 0.073 0.105 0.115 
~ 70 “Hydrogen 6.72 — 0.055 0.088 0.120 
70 Dissociated 6.63 0.217 0.401 1.075 0.467 


ammonia 


powder available of this type and indicates that very 
good density, tensile strength, and elongation can 
be attained if hydrogen sintering is used. Where 
nitrogen is present in the sintering atmosphere, 
however, there is very little benefit from the silicon. 
Although the silicon was added to the powder to 
obtain more irregular-shaped particles and aid in 
compacting, it has a far greater effect during sinter- 
ing. Due to the immense difference in densities 
shown between columns 6 and 8, Table VIII, there 
remains a superiority of tensile strength and a higher 
hardness for the hydrogen sintered product. Con- 
siderable other data show clearly, however, that if 
the density of the nitrogen-bearing product had 
reached anywhere near the levels of the nitrogen- 
free compact, higher hardness and tensile strength 
would result because of the precipitation hardening 
phenomena postulated previously. 

The results of this investigation, then, are consis- 
tent with the findings of Uhlig* and others.** Two 
new effects are described here. One is the factual 
retardation of the densification of stainless steel 
powder metallurgy compacts sintered in the pres- 
ence of nitrogen wnich considerably affects the gross 
properties of the material. The second is the postu- 
lated precipitation of nitrides from the compacts 
sintered in the presence of nitrogen which accounts 
for the hardening effects observed intrinsically in 
the stainless steel, 

The reaction of molecular nitrogen with stainless 
steel during sintering and its manifestation on the 
properties of sintered compacts is, from the fore- 
going data, quite well established. The composition 
effects are of considerable importance and an effort 
was made to determine some of the factors involved. 
It was shown that very little nitrogen is picked up 
by iron compacts during sintering in dissociated am- 
monia. To ascertain the effects of silicon and nickel, 
compacts made from three basic types of stainless 
steel were sintered in a 3H, + N, atmosphere. The 
vacuum-fusion gas analysis for these compacts after 
sintering is shown in Table IX. Clearly nitrogen 
pickup is not a function of silicon content, since both 
the high and normal silicon-content 302 stainless 
steels show equivalent nitrogen analysis after sin- 
tering. 

Nitrogen content seems to be very much influ- 
enced by nickel content, since, as shown in Table IX, 
a far lower nitrogen content is obtained in the type 
430 stainless steel which is nickel-free. The nitrogen 
absorption apparently is influenced by the solubility 
of nitrogen in austenite. 

It is the influence of the nickel content on the 
quantity of austenite present at the sintering tem- 
perature which determines the extent of the nitrogen 
solubility. Ferritic stainless steels of the 430 type are, 
however, as shown, definitely susceptible to nitrogen 
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pickup during sintering in dissociated ammonia be- 
cause of the presence of austenite, and dependent 
upon the amount of austenite present, at the sinter- 
ing temperature. 

Pure nickel, Fe-Ni alloys, and the lke were not 
investigated, but it is expected that these would be 
far less prone to nitrogen pickup than the chromium- 
bearing stainless steels. Basically, then chromium 
seems to be the necessary element in this nitrogen 
reaction phenomenon, but nickel increases the effects 
markedly. 

It has been reported’ that the nitriding of stainless 
steels results in a loss of corrosion resistance. Cur- 
sory corrosion tests on sintered compacts were con- 
ducted in boiling water in a reflex condensor. The 
data as shown in Table X indicate that the stainless 
steel sintered in dissociated ammonia corrodes at a 
significantly greater rate than that sintered in hy- 
drogen, even if the density of the hydrogen sintered 
sample is considerably lower. After only 188 hr in 
boiling water, the material sintered in dissociated 
ammonia has reached the point of rapid deteriora- 
tion. These corrosion tested samples are shown in 
Fig. 2. 


Conclusions 

1—Chromium and Cr-Ni stainless steels pick up 
nitrogen from dissociated ammonia sintering atmos- 
pheres even though dissociation is complete. 

2—Molecular nitrogen reacts with both chromium 
and Cr-Ni stainless steels, at sintering temperatures. 

3—Nitrogen in the sintering atmospheres as a 
major constituent results in retarding of the sinter- 
ing process for both chromium and Cr-Ni stainless 
steels. 

4—Nitrogen pickup in 18-8 stainless steel during 
sintering has the following effects on the gross prop- 
erties of the sintered compact: 1—decreased density, 
2—decreased ductility, 3—-decreased water corrosion 
resistance, 4—increased hardness (although the 
trend may be reversed by very low densities often 
obtained in sintering in the presence of nitrogen), 
and 5—generally decreased tensile strength (unless 
high densities are obtained, in which case the trend 
is reversed). 

5—Nitrogen pickup in 18-8 stainless steel during 
sintering has the following effects on the intrinsic 
properties of sintered stainless steel: 1—decreased 
water corrosion resistance, 2—increased hardness, 
and 3—increased tensile strength. 

6—The properties of stainless steel sintered in the 
presence of nitrogen are influenced by the following 
factors: 1—retardation of the sintering process, i.e., 
densification is slowed down, 2—stabilization of the 
austenite by nitrogen, and 3—precipitation of nitrides 
(CrN or Cr.N) resulting in precipitation hardening. 

7—The presence of a diluent of a semi-inert gas 
such as nitrogen or a completely inert gas such as 
argon in the hydrogen sintering atmosphere de- 
creases the reduction of the oxides present on stain- 
less steel and iron particles. The reduced partial 
pressure of hydrogen, as such, does not, however, 
seem to effect the densification or the properties of 
the sintered compact. 

8—The pressed density of a compact has an im- 
portant bearing on the amount of oxide reduction 
which can take place during sintering. The denser 
the compact for a given particle size, i.e., the higher 
the compacting pressure used, the less the oxide re- 
duction which will occur during sintering in a reduc- 
ing atmosphere. These effects were studied in iron 
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and stainless steel compacts only, but probably occur 
in other metal powders compacts having oxidized 
surfaces. Similar effects are to be expected as a func- 
tion of particle size although this would be compli- 
cated by the greater amount of surface oxide present 
in finer particles and the lower pressed density for 
the finer particle compacts. These factors would tend 
to operate in opposite directions. 

Nitrogen plays an important role in sintering at- 
mospheres and cannot be considered inert to stain- 
less steel. These results may have an important 
bearing on the effect of bright annealing stainless 
steel parts in dissociated ammonia and, in accord- 
ance with the earlier work of Uhlig and others, bear 
further surveillance. 
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Relation of Strength, Composition, and Grain Size of 


Sintered WC-Co Alloys 


by J. Gurland and P. Bardzil 


An experimental study of the variation of transverse-rupture strength with 
composition and grain size has shown that the strength reaches a maximum for 
values of the mean free path between carbide particles of 0.3 to 0.6 microns. The 
fracture originates in and proceeds through the carbide grains mainly. Impact 


strength and hardness also were recorded. 


MS’; of the physical properties of sintered car- 
bides vary linearly with composition. The trans- 
verse-rupture strength, however, shows a unique 
behavior. As the amount of binder metal is varied 
from 6 to 25 pct by weight, the strength at first in- 
creases; then, between 15 and 20 pct Co, it reaches 
a maximum of nearly 400,000 psi, and finally de- 
creases with further additions of binder metal. This 
behavior of the transverse-rupture strength has been 
reported, among others, by Engle* and Sandford and 
Trent.” The significance of these observations has not 
been discussed in the literature. That it may be of 
more than specific importance is indicated by the 
very similar variation of strength with composition 
encountered in other systems sintered in the pres- 
ence of a liquid phase, such as TiC-Ni® and Fe-Cu.* 


Experimental Details 
All compacts were prepared and sintered accord- 
ing to normal industrial practice. The average diam- 
eter of WC grains and the mean free path between 
grains were measured on metallographically pre- 
pared samples by a method of linear and planar 
analysis’ using the relations 


4 


d= [1] 
1-f 
P= a [2] 


where d is the average diameter of dispersed grains; 
N, is the number of noncontiguous grains intersected 
on a metallographic plane by a line of unit length; 
N, is the number of noncontiguous grains per unit 
area; P is the mean free path between grains of dis- 
persed phase; and f is the volume fraction of dis- 
persed phase. 

Approximately 1000 grains were counted on each 
sample. For each composition d* was plotted against 
P, the resulting straight lines serving as a check on 
the measurements. The distribution curves of the 
WC powders of different average diameters were 
homologous, and no attempt was made to influence 
the grain size by blending powders, adjusting the 
sintering’ conditions, or otherwise altering the par- 
ticle size distribution. 


J. GURLAND, Junior Member AIME, and P. BARDZIL are asso- 
ciated with Firth Sterling Inc., Pittsburgh. 

Discussion of this paper, TP 3943E, may be sent, 2 copies, to 
AIME by Apr. 1, 1955. Manuscript, Aug. 6, 1954. Chicago Meet- 
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Densities were measured by differential weighings 
in air and water. The degree of densification did not 
vary consistently with either composition or grain 
size. The density is influenced by slight amounts of 
impurities, specifically by 0.1 to 0.2 pct Fe which 
enters the powders during ball milling. As an illus- 
tration of the experimental variations, a number of 
measured densities are listed in Table I. They are 
expressed in percentage of theoretical density, as 
calculated from the published X-ray densities of 
WC and Co.” 

For the purpose of determining the transverse- 
rupture strength, rectangular test specimens (3/16x 
3/8x3/4 in.) were broken by loading at the center 
of a 9/16 in. span. The average strength of five or 
more samples is reported for each composition and 
grain size. The compacts were ground on two par- 
allel surfaces only. The load was applied at an 
average rate of 6,800 psi per sec. Since the elonga- 
tion after fracture of the alloys is very small, it was 
assumed that the compacts deform elastically to 
failure and the fracture stress was calculated by the 
conventional beam formula. The data for one alloy 
are presented in Table II as an example of the re- 
sults and scattering ranges encountered. The pre- 
cision of the test, as measured by the average differ- 
ence between duplicates, is of the order of 15,000 psi. 
The results are strictly comparable only to compacts 
prepared and tested in the manner described and of 
similar chemical composition and grain size char- 
acteristics. 

Unnotched Charpy specimens were used for im- 
pact testing. Each point represents the average of 
3 to 20 samples, the larger number being used in 
an attempt to determine the influence of grain size. 
Considerable scatter was encountered, the range from 
lowest to highest value often amounting to 30 pct 
of the impact strength. The hardness is reported as 
a RA reading, using a 60 kg load with diamond brale 
indenter. Compositions are given in weight percent. 


Table 1. Measured Densities of Sintered WC-Co Alloys 


6 Pct Co 16 Pct Co 25 Pet Co 
WC Grain WC Grain WC Grain 
Size, Density, Size, Density, Size, Density, 
Microns Pct Microns Pct Microns Pet 
97.8 1.8 99.6 1.8 99.5 
3.9 99.1 2.6 99.3 2.2 99.7 
4.4 99.4 2.8 99.4 2.4 99.5 
4.6 99.3 3.7 99.5 3.0 99.5 
4.9 98.8 aid 99.4 33 99.4 
jayak 99.1 15.9 98.8 4.8 99.3 
5.4 99.7 17.4 99.6 
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Fig. 1—Variation of transverse-rupture 
strength with grain size of WC. 
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Fig. 2—Variation of transverse-rupture strength with com- 
position. 
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Experimental Results 

Physical Properties: Strength and hardness vary 
with composition and grain size as shown in Figs. 
1 to 4. The transverse-rupture strength goes through 
a maximum with grain size at constant composition, 
Fig. 1, and with composition for a given grain size, 
Fig. 2. As the level of the maximum strength is 
raised by higher binder contents, it is also shifted 
towards a smaller grain size. The hardness is re- 
duced by increased amounts of binder and by larger 
grain sizes of WC, Fig. 3. 

Composition has a decided influence on the impact 
strength; the higher the percentage of cobalt, the 
greater is the resistance to impact. The data of Fig. 
4 apply to compacts having a WC grain size from 
1.4 to 3.1 microns. The effect of grain size in this 
range was obscured by the dispersion of the experi- 
mental data and therefore could not be ascertained. 

Since the structure of these alloys is usually 
thought to consist of carbide grains more or less 
surrounded by the binder phase, it may be assumed 
that the thickness of the layers of cobalt metal be- 
tween the dispersed particles of the hard phase is 
an important variable. A plot of the transverse- 
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Fig. 4—Impact strength of WC-Co alloys of compacts having 
a WC grain size from 1.4 to 3.1 microns. 


rupture strength vs the mean free path through the 
binder phase is presented in Fig. 5. Although the 
highest strengths of each composition do not occur 
at exactly the same interparticle distance, they do 
fall within a narrow range (0.3 to 0.6 microns) of 
the mean free path. The variation of hardness with 
the mean free path is shown in Fig. 6 on semi- 
logarithmic coordinates. Within a rather broad scat- 
ter band, the hardness decreases linearly with the 
logarithm of the mean free path between WC par- 
ticles. In general, the points from samples of high 
binder content are at the lower edge of the band and 
those from low cobalt samples are at the upper edge, 
so that the width of the band is determined by the 
compositions. 

Fracture Path: On a microscopic scale, a fracture 
may run through the WC grains, the carbide to car- 
bide grain boundaries, the carbide-binder interface, 
and the binder phase. By examining the fracture 
path after breaking the samples by transverse rup- 
ture, it was found that the fracture occurs preferen- 
tially within the carbide grains and at the carbide 
to carbide grain boundaries. Table III summarizes 
the results of such an examination, during which the 
path of the fracture at or near approximately 2000 
grains was analyzed. The alloys were selected to be 
on either side of the strength maximum. Two types 
of fractures were measured: well developed con- 
tinuous fractures and noncontinuous cracks. The 
latter were presumably located in areas where the 
stress was insufficient to produce a complete frac- 
ture. The two types are shown in Figs. 7 and 8. A 
separate analysis of the two types would reveal, it 
was hoped, the relative resistance to fracture of the 
constituents. 

Table III shows that the fracture tends to avoid 
the cobalt and seems to originate in the carbide 
phase. The principal difference between alloys of 
high and low binder contents is found in the relative 
proportion of failures at the carbide to carbide grain 
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boundaries. These are much more numerous in low 


binder alloys. The volume fractions of binder metal 
a the two alloys of Table III are respectively 10 and 
7 pet. 

The microstructure of compacts broken by impact 
reveals a great number of cracks in the WC grains 
as shown in Fig. 9. These cracks were undoubtedly 
produced by the shattering blow of the impact test. 

A number of samples were subjected to transverse 
bending in the fixture shown in Fig. 10. This per- 
mitted microscopic observation of the bottom surface 
while the load was applied. Low binder alloys (6 pct 
Co) broke without any evidence of preliminary 
cracking. On high binder alloys (20 pct Co), the 
following sequence was observed: 1—The polishing 
and grinding marks became accentuated as stress 
was first applied. 2—Small cracks appeared in iso- 
lated grains as shown in Fig. 11. 3—On continued 
loading, more of the carbide grains showed these 
cracks; a number of such grains usually being aligned 
parallel to a polishing direction. The binder metal 
shows evidence of being disturbed in the vicinity of 
the damaged carbide grains as shown in Fig. 12. 
Under certain conditions, the micro cracks can be 
introduced in the structure by severe grinding and 
polishing; however, sufficient care was taken so that 
the samples were free of such effects before stress- 
ing. 4—-At times, long shallow grooves were formed 
as shown in Fig. 13, and these followed the fractured 
grains discussed previously. 5—Eventually the 
sample fractured in a direction perpendicular to the 
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Fig. 5—Plot of the transverse-rupture strength as a function 
of mean free path. 


Fig. 7—Fractures in sintered WC-Co alloy; 
80 pct WC, 20 pct Co. X1500. Area re- 
‘duced approximately 30 pct for reproduc- 
tion. 
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Fig. 8—Cracks in sintered WC-Co alloy; 
94 pct WC, 6 pct Co. X1500. Area reduced 
approximately 30 pct for reproduction. 


Table Il. Transyerse-Rupture Strength of an Alloy 
of 84 Pct WC-16 Pct Co 


Transverse-Rupture 
Strength (103 Psi) 


wc 

Grain Range 
Size, No. of 

Microns Samples Tested Average High Low 

1.8 8 319 341 289 
2.6 7 368 404 341 
2.8 6 395 434 375 
3.7 5 389 404 380 
5.1 6 303 320 290 

15.9 8 185 194 179 


applied stress and parallel to the majority of the 
micro cracks and grooves. 

This evidence shows that the carbide grains are 
damaged during the grinding and polishing opera- 
tions and that micro cracks are formed on the appli- 
cation of stress. The damaged grains eventually frac- 
ture and cause the failure of the compact. 


Discussion of Results 
The experimental data indicate that the strength 
of WC-Co alloys is a function of the amount of 
binder phase and of the thickness of the binder film. 
The strength is limited by the susceptibility to frac- 
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Fig. 6—Rockwell hardness as a function of the mean free 
path. 


pact loading; 75 pct WC, 25 pct Co. 
X1500. Area reduced approximately 30 pct 
for reproduction. 


FEBRUARY 1955, JOURNAL OF METALS—313 


Fig. 9—Cracks in WC grains caused by im- 


Fig. 10 — Transverse 
bending fixture. Sam- 
ple is in position 
above the lens of 
microscope; load is 
applied through steel 
ball. 


ture of the carbide grains. A number of the factors, 
determining the interaction between carbide and 
binder, are considered subsequently. 

In common with the more familiar dispersion- 
hardened metals, the strength of sintered WC-Co 
alloys is based on the effect of a hard constituent 
embedded in a softer matrix. A general survey of 
the properties of a number of such alloys by Unckel’ 
resulted in the conclusion that there is an exponential 
relation between the hardness or tensile strength 
and the spacing of the hard particles. Reference 
should also be made to the more detailed work on 
yield strength and mean free path of steels’ and 
Al-Cu alloys® and to the correlation of fracture stress 
and pearlite spacing of carbon steels.® The strength 
of these metals increases as the interparticle distance 
is reduced. 

In the case of sintered carbides, the hard con- 
stituent forms the major part of the volume. The 
state of stress of the binder, during deformation, is 
probably very similar to that found generally in thin 
films attached to another material of very different 
modulus of elasticity. It has been reported that the 
rupture strength of such films is inversely propor- 
tional to their thickness.“ Orowan” has suggested 
that the thin films are under ‘“‘plastic constraint” and 
it is believed that this condition causes the strength- 
ening and embrittling effects observed, for instance, 
in brazing and adhesive materials. Similarly, triaxial 
stresses are introduced into the’binder of sintered 


OF 


X1500. Area reduced approximately 30 pct 


for reproduction. for reproduction. 
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Fig. 11—Incipient cracks in WC grain. Fig. 12—lIncipient cracks WC 
X1500. Area reduced approximately 30 pct 


carbides by the mechanical restraint exerted by the 


‘carbide particles upon the thin films of cobalt. 


But even in the absence of deformation, lattice 
strains of considerable magnitude have been found 
in the binder“ as well as in the carbide.” These have 
been attributed to residual stresses arising from the 
unequal coefficients of thermal expansion of the con- 
stituents. It has been suggested previously” that 
complex micro stresses from both sources are re- 
sponsible for the high strength and lack of ductility 
of WC-Co alloys. 

From such considerations, it would be expected 
that the resistance to deformation of the binder in- 
creases as the mean free path between carbide par- 
ticles is decreased. In the range of composition under 
study, failure of the metal is initiated, not by rup- 
ture of the binder, but through the propagation of 
cracks which originated within the tungsten carbide 
grains. Even at much lower concentrations of car- 
bide inclusions in steel” and in molybdenum,” micro 
cracks within carbide grains have been observed to 
precede fracture. 

The variation of the transverse-rupture strength 
with composition can be regarded as the result of 
two competing factors as the percentage of cobalt is 
lowered: 1—the more severe plastic constraint on 
the binder results, at first, in an increase of strength 
and loss of ductility; but 2—the strength of the com- 
posite alloy eventually falls off because the relative 
amount of binder decreases and that of the more 
brittle carbide increases, 

To account for the decrease of strength of low 
cobalt alloys with smaller tungsten carbide grain 
size at constant composition, it is necessary to con- 
sider the observed increase of fracture incidence at 
the carbide to carbide grain boundaries. With smaller 
carbide grains, as well as with less binder, there is 
an increasing area of carbide to carbide contact, i.e., 
an incomplete surrounding of carbide grains by the 
cobalt matrix. It is not known whether the grain 
boundaries in themselves are weak or whether their 
failure is due to stress concentrations caused by the 
uneven distribution of the binder phase. It had been 
noted previously” that the fracture path in sintered 
carbides tends to be transcrystalline if the grains 
are large and intercrystalline if the grains of WC are 
small. 

The impact strength is a function, mainly, of the 
amount of the brittle phase present in the alloy. It 
continues to increase with the percentage of cobalt 
throughout the range of composition studied here. 
The effect of grain size is relatively small. 


Fig. 13—Groove formed during stressing of 


WC-Co alloy. X1500. Area reduced ap- 
proximately 30 pct for reproduction. 
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Table III. Percentage of Fracture Path Through 
Microstructural Features 
Carbide- 

Carbide Carbide- 

; Alloy, wc Grain Binder 
Nature of Failure Pct Co Grains Boundary Interface Binder 
Intermittent 6 57 41 — _— 
Cracks 25 15 20 2 _ 
Continuous 6 58 39 3 0.2 
Fracture 25 52 24 20 4 

Conclusions 


The results of this paper can be summarized as 
follows: 1—The hardness of sintered WC-Co alloys 
varies with the interparticle distance according to 
an exponential relation. 2—The impact strength in- 
creases with the binder content. 3—It has been 
shown that the transverse-rupture strength reaches 
a maximum for values of the mean free path be- 
tween 0.3 to 0.6 microns. The mean free path is 
determined by the composition and grain size of the 
alloy. 4—The transverse-rupture strength increases 
as the film of binder metal becomes thinner, but 
eventually the strength is reduced by increased 
amounts of the brittle phase and incomplete disper- 
sion of the carbide grains. 


Discussion of this paper, if any, will appear in 
JOURNAL OF METALS, November 1955, and in AIME 
Metals Branch Transactions, Vol. 203, 1955. 
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Technical Note 


Microstructures of Pyrophoric Alloys 


by R. D. Reiswig and David J. Mack 


| Bese use of pyrophoric alloys in ignition devices 
dates back more than fifty years to a German 
patent granted to Carl Auer von Welsbach in 1903." 
This patent named a composition essentially the 
same as that used in most present-day cigarette 
lighter ‘flints:” 70 pct mischmetal, 30 pct Fe, re- 
ferred to here as “Auer alloy.” Among the few cur- 
rent exceptions to this composition are those “flints”’ 
based on titanium or zirconium. 

The rare-earth metals of which mischmetal is 
composed are so similar chemically and physically 
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remarkable similarity in their alloying behaviors 
would be expected. Comparison of the binary phase 
diagrams’ of these elements with nonrare-earth 
metals shows that this is true to a striking degree, 
so much so, in fact, that it appears that a mixture of 
these elements may be treated as a single component 
of alloys without fear of serious error. In considering 
alloys containing mischmetal, therefore, the mixture 
of rare-earth elements will be referred to merely as 
“cerium,” the predominant element in mischmetal. 

In polishing cerium alloys for metallographic ex- 
amination, it was soon discovered that aqueous pol- 
ishing media were highly corrosive. Free cerium in 
the alloys acts similarly to calcium (though not 
quite so rapidly) in evolving bubbles of hydrogen 
at the metal-water interface; thus, special metallo- 
graphic techniques are required. The simplest pol- 
ishing technique found to be satisfactory consisted 
of slow hand grinding on dry emery papers through 
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Fig. 1—Commercial 
Ce-Fe lighter flint 
containing about 70 
pet Ce and 30 pct 
Fe. Primary dendrites 
of CesFes with peri- 
tectic wall of CeFes 
in eutectic matrix 
composed of “Chi- 
nese-script’ CeFe2 
and free cerium. No 
etch. X150. 


ct Mg alloy showing CeMg 
primary dendrites in matrix of cerium with 
minor amount of unidentified impurity 
phase at dendrite boundaries. No etch. 


X150. X150. 


3/0, followed by a final grind on 4/0 paper covered 
with a solution of paraffin in kerosene and a final 
polish on a soft-cloth wheel charged with a paste 
made from magnesium oxide and kerosene. No etch- 
ing was necessary, since the cerium-rich areas in 
the microstructure darkened within a few seconds 
after rinsing off the polishing mixture with petro- 
leum ether. Further exposure of the polished sec- 
tions to the atmosphere (even in a dessicator) re- 
sulted in more extensive etching, sometimes serving 
to delineate special features of the microstructures, 
such as showing up peritectic walls and differentiat- 
ing between the various intermetallic compounds 
present. 

Fig. 1 shows the microstructure of a commercial 
Ce-Fe lighter flint immediately after polishing. Fig. 
2 shows the same area after “air etching” for one 
week in a dessicator to show the peritectic wall of 
CeFe, surrounding the primary dendrites of Ce.Fe,. 

Fig. 3 shows a Ce-10 pct Mg alloy. Increasing the 
magnesium content to 14.3 pct resulted in the vir- 
tual elimination of the residual free cerium visible 
in Fig. 3. 

A Ce-11 pct Mg-10 pct Bi alloy is shown in Fig. 4. 
Here again, the presence of free cerium has been 
nearly completely avoided, thus largely eliminating 
the tendency to corrode in normal ambient atmos- 
pheres. 

It appears that the ideal microstructure of a pyro- 
phoric alloy for use in ignition devices consists of an 
intrinsically pyrophoric matrix in which are dis- 
persed harder, more brittle particles arranged so as 
to divide the matrix into regions of a certain opti- 
mum size. These dispersed particles facilitate the 
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Fig. 4—Ce-11 pct Mg-10 pct Bi alloy show- 
ing primary dendrites of (probably) CesBi in 
matrix of CeMg with occasional dark 
patches of residual free cerium. No etch. 


Fig. 2—Same com- 
position as in Fig. 1. 
Allowed to “air etch” 
for one week to show 
peritectic wall 
on CeFes primary 
dendrites. X150. 


Fig. 5—Ce-6.6 pc loy 
showing large particles of dove-gray Ce,Sb 
dispersed in matrix of CeMg with occa- 
sional patches of residual free cerium. No 
etch. X150. 


t Mg-10.7 pct Sb al 


tearing loose of particles of the matrix by the 
abrading mechanism and increase the probability 
of ignition of the freed particles by increasing the 
gross hardness of the surface against which they are 
rubbed by the abrading mechanism to attain their 
ignition temperature by friction. 

Pure cerium is intrinsically pyrophorie, but is rel- 
atively soft. The dispersion of Ce-Fe intermetallic 
compounds in cerium performs the service outlined 
in the preceding paragraph. If sufficient magnesium 
could be added to a Ce-Fe alloy to convert all the 
free cerium to the intermetallic compound CeMg, 
the tendency of the matrix to corrode in air could 
be reduced materially. Unfortunately, this is not 
easily realizable in practice because the presence of 
iron in Ce-Mg alloys raises the liquidus tempera- 
ture to the point where the vapor pressure of the 
dissolved magnesium approaches atmospheric pres- 
sure. This is not the case, however, if antimony is 
added to form the intermetallic compound Ce,Sb 
dispersed in a matrix of CeMg. Such an alloy is 
shown in Fig. 5. Flints made from this alloy appear 
to have superior corrosion resistance in humid at- 
mospheres, lower wear rates in ignition devices, and 
better flame-kindling efficiencies than flints pre- 
pared from Auer alloy. 
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A Study of the Microstructure of Titanium Carbide 


by Herman Blumenthal and Ronald Silverman 


It was found that despite the similarity of chemical analyses of different titanium carbides used 
as base materials for cermets, the physical properties, especially transverse-rupture strengths, of test 
bars were different. Hence this metallographic study attempts to link physical properties to micro- 
structures. It is shown that microstructure, grain shape, and grain growth are functions of three 
interrelated factors: 1—powder production procedure, 2—surface conditioning of the particles, and 
3—impurities either contained in the original powder or acquired during ball milling. An explanation 
is offered for the “coring effect,” long observed, but heretofore of unknown origin. The explanation 
is based on assumption of an oxide film and on chemical analyses which substantiate these findings. 


Ae ITANIUM carbide has become in recent years a 
material of great interest in the high tempera- 
ture field. Consequently, many manufacturers in the 
United States and Europe are producing titanium 
carbide for cermet applications as well as for ad- 
ditions to the well known tungsten carbide tools. 

All present commercial processes of titanium car- 
bide production utilize the chemical reaction of tita- 
nium dioxide and carbon to form as nearly as possible 
stoichiometric TiC. This reaction is carried out in 
three ways: 1—in a menstruum of molten metal,’ 
2—in the solid state, either in a protective atmos- 
phere’ or in vacuum;* or 3—in an arc-melting opera- 
tion.” 

In spite of the fact that the pure carbides obtained 
in these operations are almost identical chemically, 
the physical properties vary considerably when 
they are combined with a binder (Ni, Co) to form 
cermets. This fact led the authors to examine metal- 
lographically nickel-bonded titanium carbide in 
order to find the possible reasons for this behavior. 


Materials and Methods 

Five different titanium carbides were used in this 
investigation. They are identified in Table I. 

The first four materials were used in the as- 
received condition. Material E, received in lumps, 
was crushed to —100 mesh and carried through a 
flotation process in order to bring its graphite con- 
tent in line with the other products. A Galagher 
flotation cell was used with pine oil as frothing 
agent. The chemical analyses of the investigated 
materials are given in Table II. The binder used 
was carbonyl] nickel of 9 to 14 microns particle size, 
supplied by A. D. Mackay. 

The materials were ball milled at a ball to charge 
ratio of 6:1 using procedures described under “Ex- 
periments and Results.” All particle sizes mentioned 
are averages determined with a Fisher Sub-Sieve 
Sizer. Test bars (1x0.40x0.16 in.) were prepared by 
1—hot pressing to 85 to 95 pct of theoretical density 
at pressures between 1 and 1% tsi and tempera- 
tures from 1600° to 1800°C, 2—cold presssing after 
3 pct camphor had been added, or 3—wet pressing, 
both 2 and 3 at pressures between 5 and 10 tsi. All 
pressed bars were sintered in a vacuum of 10~ to NO 
mm Hg for 2 hr at 1350°C. Transverse-rupture 
strengths were determined by breaking on a Bald- 
win Universal Testing Machine over a 9/16 in. span. 
Densities were measured by water displacement. 


H. BLUMENTHAL and R. SILVERMAN are associated with 
American Electro Metal Corp., Yonkers, N.Y. 

Discussion of this paper, TP 3938E, may be sent, 2 copies, to 
- AIME by Apr. 1, 1955. Manuscript, Sept. 14, 1954. Chicago Meet- 
ing, February 1955. 
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Table |. Investigated Materials 


Material Supplier Production Procedure 

A Kennametal Inc. Menstruum process 

B Metallwerk Plansee, Aus- Solid-state reaction in a 
tria protective atmosphere 

(e} Metro Cutanit, England Solid-state reaction in 
J vacuum 

D Titanium Alloy Mfg. Co. Are melting, pure prod- 

uct 
E Norton Co. Arc melting, technical 


product 


The preparation of the specimens for micrographs 
was done according to Silverman and Doshna Luscz.° 
All magnifications are at X1000. A sodium picrate 
electrolytic etch was used. 


Experiments and Results 

The influence of ball-milling procedure, ball-mill- 
ing medium, pressing procedure, and sintering pro- 
cedure on the microstructure of 80/20 — TiC/Ni 
were investigated. 

Ball Milling of Materials A, B, and C in a Steel 
Mill: Figs. 1 and 2 show microstructures of hot- 
pressed and vacuum-sintered test bars of materials 
A and B after the respective materials had been ball 
milled to 2.1 microns particle size in a steel mill and 
mixed with 20 pct Ni binder. Material A (Fig. 1) 
shows considerable grain growth. Also evident is 
a tendency of the carbide grains to coalesce. The 
density is 98 pct and the low transverse-rupture 
strength of 111,000 psi is probably caused by many 
large grains and an unfavorable packing factor. 
Almost all grains show a slight indication of “coring.” 

Material B (Fig. 2), although showing grain 
growth, still has many small particles and a better 
distribution of binder and carbide due to the relative 
absence of the coalescing tendency. ‘“‘Coring” can be 
observed in almost all grains. The high transverse- 
rupture strength of 179,000 psi and the density of 
100 pet are believed to be due to the many small 
grains completely surrounded by the binder phase. 

There is also a preference to form spherical grains 
with material A, while most grains of material B 
preserve their angular shapes. Material C, of which 
no picture is given, stays between A and B in every 
respect. Rounding of some grains can be observed 
as well as coring, but the latter to a lesser degree 
than with material B. Its densification is good and 
the transverse-rupture strength obtained is 142,000 
psi. 
Ball Milling of Materials A, B, C, and E ina WC 
Mill: When the TiC powders were ball milled to 2 
microns particle size in a WC mill, then ball-mill 
mixed with 20 pct Ni binder, hot pressed, and vacuum 


FEBRUARY 1955, JOURNAL OF METALS—317 


fi 


Fig. 1—Material A 
ball milled in steel 
mill, ball-mill mixed 
with binder, hot 
pressed, and vacuum 
sintered. X1000. Area 
reduced approxi- 
mately 25 pct for 
reproduction. 


sintered, grain growth was much less than when 
ball milling was done in a steel mill. In the tungsten 
carbide mill, the powders picked up 3 to 4 pect WC. 
Figs. 3, 4, and 5 represent this group. Figs. 3 and 4 
look somewhat similar. Coring of grains is a little 
more pronounced in material C (Fig. 4) than in A 
(Fig. 3) and both have a continuous carbide skele- 
ton. There are fine dark particles visible in Fig. 3 
which are not present in Fig. 4. X-ray diffraction 
analysis of material A (Fig. 3) revealed the pres- 
ence of a small amount of unidentified impurities 
and a trace of free WC. With structures of Figs. 3 
and 4 nearly alike, transverse-rupture strengths are 
identical (see Table III). Material B (no micro- 
graph given) shows a tendency for particles to 
sinter together and a very pronounced coring. Its 
transverse-rupture strength is higher than for mate- 
rials A and C, 176,000 as compared with 153,000 psi. 
Spherical particles are formed preferably with 
material C (Fig. 4), less with material B, and indi- 
cated in material A only by a rounding of edges. 
Material E (Fig. 5) looks entirely different from the 
others, since there is no rounding of particles and 
hardly any coring. Its heterogeneous appearance is 
due to its high impurity content (mostly iron oxide). 
Its density is less than 90 pct, and as a consequence, 
the transverse-rupture strength is very low (69,000 
psi). 

Addition of Tungsten Carbide to Material A: Com- 
pared to the foregoing, Fig. 6 shows material A ball 
milled to 2 microns in a steel mill, ball-mill mixed 
with 3 pet WC and 20 pct Ni, hot pressed, and 
vacuum sintered. The addition of WC makes the 
chemical composition of this material very similar to 
that shown in Fig. 3. Its microstructure, however, is 


Table Il. Chemical Composition of Commercial Titanium Carbides 
Material A B C. D E* 
Ti 19.7 79.0 79.0 79.1 78.0 
Ccomb 19.4 19.0 19.0 16.8 
Cgraph 0.21 0.73 0.54 0.20 , 0.45 
Oz 0.10 0.09 0.16 0.57 1,93 
Ne O15 0.97 0.67 0.45 0.86 
Fe 0.06 0.13 0.11 2. 1.54 
Mo 0.194 

Ww 0,12+ 

Total 99.62 100.23 99.48 99.64 99.58 
Ceompb./(Ti + Ceomp.) 19.6 19.4 19.4 19.5 


* Flotation purified. 
+ Spectrographic analyses. 
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Fig. 2—Materiai 8B, 
bali milled in steel 
mill, ball-mill mixed 
with binder, hot 
pressed, and vacuum 
sintered. X1000. Area 
reduced approxi- 
mately 25 pct for 
reproduction. 


completely different. It shows pronounced grain 
growth, angular particles, and the presence of fine 
particles in the binder phase. X-ray diffraction 
analysis also revealed here the presence of a small 
amount of free WC. Despite these differences in the 
microstructures (compare Figs. 3 and 6), the den- 
sities obtained as well as the transverse-rupture 
strengths were practically identical. 

Simultaneous Ball Milling to Size and Mixing with 
the Binder: When ball milling to 2 microns particle 
size and mixing is done simultaneously in a WC mill, 
the microstructures obtained are very similar to 
those described under “Ball Milling of Materials A, 
B, C, and E in a WC Mill.” There might be a little 
more grain growth, but there is a better distribution 
of grain size and binder. The microstructure of 
material D is very similar to that of material A. 
Coring is very pronounced, especially with material 
B, which is shown in Fig. 7. This figure should be 
compared with Fig. 2 which shows the same material 
ball milied in a steel mill. The similarity is obvious, 
but the smaller grain size and the better grain size 
and binder distribution of the bar pictured in Fig. 7 
resulted in a higher transverse-rupture strength 
(see Table III). 

The effect of ball milling to size and mixing with 
the binder in one or two operations expresses itself 
not only in the microstructure but also in the phys- 
ical properties obtained. Table IIT compares average 
particle sizes after ball milling, final densities, and 
transverse-rupture strengths, and shows the supe- 
riority of the simultaneous sizing and mixing opera- 
tion. 

Influence of Ball-Milling Medium on Material A: 
Material A was ball milled to an average particle 
size of about 2 microns and mixed simultaneously 
with the binder in acetone, carbon tetrachloride, 
alcohol, and hexane. After vacuum drying the pow- 
ders, hot pressing, and vacuum sintering, elongated 
grains had been formed. Fig. 8 shows the micro- 
structure obtained after ball milling in carbon tetra- 
chloride. With the other liquids unidirectional grain 
growth is not as excessive as with carbon tetra- 
chloride, hexane shows the least, and acetone and 
ethyl alcohol are in between in this order. In the 
presence of a large number of elongated grains, 
dense packing could not be obtained. Transverse- 
rupture strengths therefore decreased as the number 
of elongated grains increased. The final density of a 
bar after ball milling the powder in hexane was 97 
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pet and the transverse-rupture strength 144,000 psi, 
while the bar pictured in Fig. 8 had a density of 91 
pet and a transverse-rupture strength of 90,000 psi. 
The weird picture presented after ball milling in 
carbon tetrachloride (Fig. 8) should be compared 
with the picture of the same material after ball 
milling in air (Fig. 3). 

Ball Milling in Carbon Tetrachloride to a Small 
Particle Size: All materials were ball milled in car- 
bon tetrachloride for 144 hr in order to obtain an 
average particle size of one micron, vacuum dried, 
hot pressed, and vacuum sintered. Material A still 
shows the tendency to form elongated grains but, 
since the grains are much smaller than in the pre- 
vious case, dense packing may be obtained (Fig. 9). 
The grains also show a very high degree of coring. 
The density obtained is almost 100 pct and the 
transverse-rupture strength 161,000 psi. Wet press- 
ing or cold pressing of this material after drying 
resulted in similar microstructures, but the grains 
show less unidirectional growth and less coring. 
Densities obtained were just as good and transverse- 
rupture strengths after wet pressing were 170,000 
psi and 139,000 psi after cold pressing. 

The other four materials presented the same mi- 
crostructure as material A (Fig. 9) and densities 


Fig. 3—Material A, 
ball milled in WC 
mill, ball-mill mixed 
with binder, hot 
pressed, and vacuum 
sintered. X1000. Area 
reduced approxi- 
mately 25 pct for 
reproduction. 


Fig. 5—Material 
ball-mill mixed with binder, hot pressed, 
and vacuum sintered. X1000. Area reduced 
approximately 25 pct for reproduction. 
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hot pressed, and vacuum sintered. X1000. 
Area reduced approximately 25 pct for 
reproduction. 


were high. As far as transverse-rupture strengths 
are concerned, only material E was below 150,000 
psi. 

Influence of Sintering Procedure on Material B: 
Material B was ball milled to 2 microns and mixed 
simultaneously with nickel. Vacuum sintering was 
done at temperatures ranging from the standard 
1350° to a maximum of :1520°C, varying the sinter- 
ing time from 4 hr at the lower temperatures to 5 
min at 1520°C. The microstructures obtained are 
completely identical. Fig. 10 shows a typical picture. 
A bar sintered for 4 hr at temperatures up to 1420°C 
does not show more grain growth than a bar held at 
1520°C for five min. There is a continuous carbide 
skeleton formation which is not further advanced 
after 4 hr than after 5 min. There is no evidence of 
coring, although material B, when hot pressed, 
shows this phenomenon to an especially high degree. 
With microstructures and final densities practically 
identical, transverse-rupture strengths are also simi- 
lar, namely between 127,000 and 140,000 psi. The 
presence of 1 pct Fe in one of the experiments did 
not change microstructure or physical properties. 


Discussion 
Coring: The appearance of cored particles observed 
especially in the microstructures of material B and 


Fig. 4—Material C, 
ball milled in WC 
mill, ball-mill mixed 
with binder, hot 
pressed, and vacuum 
sintered. X1000. Area 
reduced approxi- 
mately 25 pct for 
reproduction. 


Fig. 7—Material B, ball milled and mixed 
with binder in WC mill, hot pressed, and 
vacuum sintered. X1000. Area reduced ap- 
proximately 25 pct for reproduction. 
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Fig. 6—Material A, ball milled in steel mill, 
ball-mill mixed with 3 pct WC and binder, 


less frequently with the other materials, unless they 
were ball milled in CCl, for 144 hr, was reported 
before in Ni-Cr bonded TiC.’ X-ray diffraction pat- 
terns and electron microscope studies of cored mate- 
rials did not reveal anything which could be used as 
a possible explanation for this phenomenon. The fol- 
lowing thoughts are offered only as a possibility and 
should be considered as such: During ball milling all 
powders pick up oxygen, at least part of which is 
present as a film of TiO, around the individual par- 
ticles. This could be shown by leaching a ball-milled 
powder with dilute hydrochloric acid. The powder 
lost oxygen in this operation, as proven by chemical 
analysis, and the spent acid contained titanium. The 
ratio of oxygen to titanium removed by leaching was 
constant and corresponded to the formula TiO.. 
During hot pressing and vacuum sintering, the pow- 
der may lose some of this oxygen or retain it ail, as 
numerous analyses have shown. The oxygen still 
present may be in the form of an oxide film or be in 
solid solution as TiO in TiC. It is believed that at 
least part of the oxygen is present as a film in cases 
where coring occurs. TiC dissolved in the nickel 
binder may be precipitated on this film and protect 
it from being reduced by free carbon present in the 
binder phase. The presence of the oxide as a layer 
now acts as a boundary between the original grain 
and the precipitated TiC. These three regions give 
the appearance of what is called a “cored grain.” 
Growth of the original grain can now occur only by 
diffusion of TiC through the oxide layer. 

Grain Growth: Three mechanisms have been pro- 
posed as an explanation for grain growth. They are: 
1—coalescence of adjacent grains, 2—solution in the 
binder phase during heating and reprecipitation 
during cooling, and 3—transfer of carbide from 
smaller to larger grains by diffusion through the 
liquid binder. 

Only the first of these mechanisms can take place 
in the absence of a binder. In the presence of a 
binder, it is impossible to. state which one of these 
mechanisms is effective. Most probably all three 
take part at the same time to various degrees. It 
seems, however, that in materials A and D coales- 
cence of adjacent grains provides the major source 


Fig. 8—Material A, ball milled and mixed 
with binder in WC mill in CCl, to 2.2 
microns, hot pressed, and vacuum sintered. 
X1000. Area reduced approximately 25 pct 
for reproduction. 


Fig. 9—Material A, 


for reproduction. 
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with binder in WC mill in CCl, to 1.0 
microns, hot pressed, and vacuum sintered. 
X1000. Area reduced approximately 25 pct 


for large particles, and it is believed that the reason 
for this can be found in their production procedures. 
Material A is produced in a bath of molten metal, 
resulting in fairly large and well formed single 
crystals of TiC. These crystals are broken up by 
grinding and ball milling, and the small fragments 
obtained have much higher surface energy than the 
same size particles of materials B and C. The latter 
two can be produced in small particle sizes, if so 
desired, by taking TiO, of small particle size as a 
starting material and reacting it in the solid state 
with carbon. The influence of the particle size of the 
starting material on the particle size of the product 
is well known and described in the lhterature on 
WC materials. D and E are produced by arc melting 
and it can be assumed that in this process large 
crystals will form on solidification of the molten 
mass. 

WC picked up during ball milling seems to pre- 
vent excessive grain growth (compare Figs. 1 and 
3). There is, instead, a tendency towards spheroidi- 
zation of grains and formation of grains of uniform 
sizes. Fig. 4 is a good-example of this. Spheroidiza- 
tion of grains is an indication of solution and pre- 
cipitation of TiC from the binder phase and is well 
known in TiC-containing cutting tool materials. 
Addition of WC and ball milling in a steel mill has 
not the same effect as ball milling in a WC mill (see 
Fig. 6). The iron picked up from the steel mill 
(very probably in the form of oxide) has a similar 
effect as the impurities present in material E (Fig. 5). 

The strictly angular grains of Figs. 5 and 6 might 
also be due to the high oxygen content of these 
materials (probably in solid solution), which 
amounts to 1.46 and 0.58 pct, respectively. It has 
been reported for WC that powders of high oxygen 
content sinter with greater difficulty.” The same 
might be true for TiC. 

The third mechanism of grain growth, a diffusion 
of TiC not only through the binder phase but also 
through an oxide layer surrounding the original 
grains, is believed to be effective especially in those 
cases where “coring”? occurs. This phenomenon is 


highly pronounced with material B (see Figs. 2 and 
7), clearly visible also in material C (see Fig. 4), 


Fig. 10—Material B, ball milled and mixed 
with binder in WC mill, cold pressed, and 
vacuum sintered. X1000. Area reduced ap- 
proximately 25 pct for reproduction. 
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Table Ill. Physical Properties of Different Materials as a Function of Ball-Milling Procedure 


Material A B (e} D E 

Ball-Milling Procedure* 1 2 3 4 1 2 3 4 | 2 3 4 3 4 2 4 

Ball-milling time, hr 96 96 

Reriec DaHelecles, 96 144 48 96 72 144 48 96 72 144 144 144 96 144 
microns 2.1 1.9 17 1.0 2.1 2.0 2.2 i Ba 2.3 

Density: ; 2.3 2.4 1.2 1.8 1.2 1.9 1.2 

Beara eicunnare 5.28 5.48 5.44 5.46 5.38 5.48 5.41 5.33 5.21 5.40 5.39 5.28 5.43 5.44 4.80 5.42 
Strength, 1000 psi+ VEY 153, 161 161 179 176 198 174 


; * Ball-milling procedures: 1—Ball milled and mixed in s 
tions, 3—Ball milled and mixed in WC mill in one operati 
7 All results are maximum values of six specimens tested. 


teel mill in two operations, 2—Ball milled and mixed in WC mill in two opera- 
on, and 4--Ball milled and mixed in WC mii] in CCl; in one operation. 


and occurs in other materials to a considerable de- 
gree only if ball milling for a long time has raised 
the oxygen content (Fig. 9). Vacuum sintering of 
cold-pressed bars prevents coring even of material 
B (see Fig. 10). Particle growth occurs in this case 
mainly by sintering together of adjacent grains and, 
as the rounding of particles indicates, by solution 
and reprecipitation. 

Ball-Milling Medium: The use of a liquid ball- 
milling medium enhances grain growth and causes 
segregation (see Fig. 8). The latter can be counter- 
acted by ball milling to a small enough particle size 
(see Fig. 9). As it is inconceivable that the elon- 
gated grains of Fig. 8 could have formed during ball 
milling, they must have formed during hot pressing 
and vacuum sintering. Nevertheless, it is believed 
that the reason for their formation lies in the ball- 
milling medium. Certain ball-milling media give 
the particles a surface conditioning which enhances 
grain growth in one direction. This is especially 
pronounced with carbon tetrachloride. Neverthe- 
less, good densities and high transverse-rupture 
strengths are obtainable using it, if ball milling is 
done for a long time in order to get small enough 
particle sizes. By vacuum sintering of hot-pressed 
bars, grains grow and form more elongated shapes 
than by sintering of wet or cold-pressed bars; but 
due to the original small particle size, they are still 
small enough to allow dense packing. Coring is still 
prevalent with grains of the hot-pressed and 
vacuum-sintered specimen. Fig. 9 resembles closely 
Figs. 2 and 7 which are considered to have a very 
desirable microstructure. The presence of coring 
was linked previously to an oxide film. Powder used 
for these experiments had an oxygen content of 1.7 
pet after ball milling. Hot pressing reduced this 
amount to 0.53 pct and the following vacuum sin- 
tering to 0.35 pct. Wet-pressed or cold-pressed and 
vacuum-sintered bars showed an oxygen content of 
0.2 to 0.17 pet, respectively. The high vacuum seems 
to destroy the oxide film before sintering occurs. 
The transverse-rupture strength of cold-pressed and 
vacuum-sintered bars is inferior to those wet or hot 
pressed. This might have its cause in the nonuniform 
distribution of fairly large pores. 

Sintering Time: The fact that cold-pressed bars, 
vacuum sintered for times ranging from 5 min to 4 
hr, have completely identical microstructures, makes 
it appear as if grain growth takes place only in the 
initial stage of the sintering process. The reason for 
this is unknown. The presence of 4 pct WC after 
ball milling here again might prevent excessive 
grain growth. Coring, which is especially charac- 
teristic of material B, does not occur, probably due 
to the lack of an oxide film. The powders as ball 
milled had an oxygen content of about 0.6 pct and 
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after sintering of only 0.1 pct. The high vacuum 
seems to have destroyed this film before sintering, 
as mentioned previously. The nonuniform binder 
distribution, the presence of large lakes, and the 
absence of coring are the reasons for the inferior 
transverse-rupture strength of this material, al- 
though the densities are satisfactory. 


Conclusions 

Correlating the micrographs and the transverse- 
rupture strengths of the discussed materials, it must 
be concluded that the following microstructure is 
the most desirable in order to obtain the highest 
transverse-rupture strength: highly cored angular- 
shaped particles surrounded completely by the bin- 
der phase which has almost the character of a film. 
No binder lakes should be present. A _ certain 
amount of grain growth is tolerable as long as there 
are enough small and medium-sized grains present 
to insure dense packing. 

It is quite conceivable that changes in ball-milling 
or sintering conditions can produce this “ideal 
structure” for materials which do not show it under 
the conditions they were treated in this investiga- 
tion. The great differences between material A (see 
Fig. 1) and material B (see Fig. 2) and the similarity 
of the latter product with the one shown in Fig. 7 
might have its cause in the small amounts of tung- 
sten (and probably molybdenum) present in the 
as-received material B. 

It appears that ball-mill mixing and sizing in one 
operation leads to thoroughly nickel-coated par- 
ticles in contrast to a poorer nickel to carbide dis- 
tribution for the separate operations. The thin film, 
surrounding each particle more uniformly, insures a 
better preparation of this powder for sintering. 
The superior transverse-rupture strength of the 
thus prepared materials, especially material B, 
might be attributed to a better “packing factor.” 
Obviously, a more favorable fine to coarse grain 
ratio results in better packing and takes better 
advantage of more nickel-coated surfaces contrib- 
uting towards a more complete bonding during 
sintering. 

In this connection, reference is made to two arti- 
cles which deal with a theory of “stronger bond- 
ing through thinner films.” It is possible that these 
thoughts could be applied to the previous discussion. 
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Technical Note 


High Temperature Vacuum Etching on Pure Titanium 


by W. D. Bennett 


N interesting effect has been observed in the 

vacuum etching of titanium in the high temper- 
ature 8B phase. Using a high vacuum annealing fur- 
nace, operating at less than 2x10° mm with a tubu- 
lar titanium liner, it has been found possible to etch 
polished metallographic specimens at different tem- 
peratures between room temperature and 1000°C 
without contamination or increase in hardness.’ Heat 
etching of titanium has been reported by other 
workers,’ but the following example is of interest as 
an experiment under high vacuum in the absence of 
any contamination. 

Two polished specimens of iodide-processed tita- 
nium are placed at different positions along the axis 
of the furnace corresponding to temperatures of 
900° and 800°C above and below the a-f transus. 
The specimens are then raised to these temperatures 
and annealed simultaneously for 3 hr under the 
same high vacuum conditions. After cooling and 
withdrawing the specimens, their surfaces are pho- 
tographed without further treatment. Figs. 1 and 2 
show the results for the 800° and 900°C specimens, 
respectively. Fig. 1, corresponding to a vacuum etch 
in the a region, shows a typical equiaxed structure 
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with what appears to be a slight shift of grain 
boundaries. Fig. 2, corresponding to a vacuum etch 
in the £ region, shows an equiaxed type of structure 
with the growth of striations in certain grains. The 
striations are only superficial, as a light polish and 
chemical etch restores the clean equiaxed structure. 
The vacuum etch, occurring as it does above the a-8 
transus, records the state of the metal in the 6 phase 
by means of the surface relief produced by the selec- 
tive evaporation of metal from different grains; the 
metal itself reverts to the equiaxed a on cooling. 
The nature of the “8 etch” (Fig. 2) suggests that, 
in transforming from the close-packed-hexagonal a 
to the body-centered-cubic 6, lenticular-shaped lam- 
inae are formed parallel to common planes of the 
two structures. This would explain why some grains 
appear to be unaffected by the etch. The technique 
has interesting possibilities in the investigation of 
the mechanics of high temperature transformation. 
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Lo 
Fig. 1—Titanium 
vacuum etched at 
800°C (a etched). 
X100. Area reduced 
approximately 35 pct 
for reproduction. 
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Fig. 2—Titanium 
vacuum etched at 
900° C (8 etched). 
X100. Area reduced 
approximately 35 pct 
for reproduction. 
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Influence of Heat Treatment on the Ductile-Brittle Transition 


Temperature of Semikilled Steel Plate 


by R. H. Frazier, F. W. Boulger, and C. H. Lorig 


This investigation establishes the effect of ferrite grain size resulting from various 
heat treatments on the transition temperature of a semikilled steel plate. Different 
austenitizing temperatures and various cooling rates were used. The ductile-brittle 
transition temperatures were determined by the Navy tear test and the keyhole 


Charpy test. 


HE data presented in this paper deal with qual- 

ity characteristics of ship-plate material which 
were investigated in a research project sponsored at 
Battelle by the Bureau of Ships, Dept. of the Navy. 
Specifically, the object of this investigation was to 
establish the effect of ferritic grain size (resulting 
from various heat treatments) on the so-called tran- 
sition temperature of ship-plate steel. 

Transition temperature is not a fixed property of 
steel. It is derived from a series of static or dynamic 
tests made at various temperatures and is qualified 
by specifying the type of test employed as well as 
the testing criteria. Because in earlier investigations 
of ship-plate quality’® the so-called Navy tear test 
and standard notched-bar tests (keyhole Charpy) 
proved to be useful in interpreting instances of brit- 
tle behavior of ship plate in service, these tests were 
used in the investigation reported in this paper. By 
definition,’ in the Navy tear tests the highest tem- 
perature at which one or more of four specimens 
breaks with a brittle fracture (that is, when less 
than 50 pct of the fracture area has a dull fibrous 
texture) is termed “transition” temperature. In the 
Charpy tests, the 12 ft-lb level of energy absorption 
was used as a criterion indicating the “transition” 
temperature, although other levels of energy ab- 
sorption were also used for comparison. 

Earlier work® on ship-plate steels indicated that 
the temperature at which ship plate is finished has a 
very significant effect on its notched-bar properties. 
Plates rolled in the laboratory, where the finishing 
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temperature can be carefully controlled, showed a 
16°F decrease in tear test transition temperature 
when the finishing temperature was lowered 200°F 
(from X° to Y°F). The same plates showed a drop 
of 10°F in the keyhole Charpy transition tempera- 
ture from the same decrease in finishing tempera- 
ture. Commercially finished plates* exhibit a similar 
trend. 

When the ferrite grain size of the hot-rolled labo- 
ratory plates was determined, a close relationship 
was found between the ferrite grain size and the 
notched-bar transition temperature.” ° The indicated 
relationship between grain size and transition tem- 
perature was in agreement with the findings on low 
carbon steels of Hodge, Manning, and Reichhold’ 
despite the differences in composition of the steels. 

The cooling rate after rolling varies from one steel 
plant to another. This variation changes the micro- 
structure’ and appears very likely to affect the 
notched-bar properties of the steel plates. In the 
investigation summarized in the present paper, heat 
treatments simulating finishing practices in the hot 
rolling of ship plate were used in order to vary the 
ferritic grain size. It is believed that the indicated 
relationship between grain size and transition tem- 
peratures of the ship-plate material will prove use- 
ful in estimating the effect of rolling temperature 
and of cooling rates from rolling temperatures on 
the notched-bar properties of semikilled steel plate. 


Material 

The semikilled steel plate used in this investiga- 
tion was a % in. hot-rolled plate from an open 
hearth heat. Other plates from this heat have been 
used on many other studies performed for the Ship 
Structure Committee,” and the heat has been 
identified as project steel ‘A’. The chemical com- 
position of the plate’ was 0.25 pct C, 0.49 pct Mn, 
0.011 pet P, 0.045 pct S, 0.04 pct Si, and 0.004 pct N. 
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Fig. 1—Location of tear test specimens from as-rolled project 
steel “A.” 


Its tensile strength’ was 58,650 psi, and its elonga- 
tion was 33.4 pct in 8 in. 

The Navy tear test properties of the as-rolled 
plate were determined at Battelle using 48 speci- 
mens divided into four groups as shown by the dia- 
gram in Fig. 1. Each group was tested as an individ- 
ual steel. Four tear test specimens from each group 
were broken at +70°, +80°, and +90°F. The re- 
sults of these tests are summarized in Table I. When 
tested at +90°F, all 16 specimens had fractured sur- 
faces exhibiting more than 50 pct ductile type of 
failure. At +70°F, 15 of the 16 specimens showed a 
brittle fracture as defined earlier. This corresponds 
to a very sudden transition in fracture texture, 
much sharper than is characteristic of most steels. 
Based on the definition of transition temperature as 
the highest temperature at which one or more speci- 
mens out of four are brittle, the transition tempera- 
tures of the four groups shown in Table I are 80°, 
70°, 80°, and 80°F, respectively. Kahn’ reported the 
transition temperature of this steel as 70°F. 

The keyhole Charpy transition curve for this steel 
in the hot-rolled condition is shown in Fig. 2. The 
properties in two directions were determined by 
specimens notched normal to the plate surface. The 
Charpy values of the transverse specimen are gen- 
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Fig: 2—Keyhole Charpy transition curves for longitudinal and trans- 
verse specimens from as-rolled project steel “A.” 
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Table |. Summary of Tear Test Results from As-Rolled 
Project Steel “A” 


Energy, Ft-Lb 


Average 
Testing To Pct Number 
Tem- Maxi- To Propa- Shear of 
pera- mum Start gate in Brittle 
Group. _ ture, Load, Frac- Frac- Frac- Speci- 

No. or Lb ture ture ture mens 
A 70 37,100 740 200 21 4 

A 80 36,425 735 350 45 2 

A 90 37,125 740 610 79 0 

B 70 36,990 755 85 13 4 

B 80 36,240 690 610 76 0 

B 90 36,810 710 610 82 0 

(e 70 37,625 790 310 37 3 

Cc 80 36,760 700 300 38 3 

€ 90 36,550 720 670 81 0 

D 70 36,710 705 100 13 4 

D 80 37,040 710 285 40 3 

D 90 37,425 720 710 84 0 
All 70 37,105 750 175 23 15 
All 80 36,615 710 385 50 8 
All 90 36,980 720 650 82 0 


erally lower than the values in the longitudinal 
direction. At the 12 ft-lb level, used as a criterion 
in this investigation, the respective transition tem- 
peratures of longitudinal and transverse specimens 
were 10° and 34°F. The 12 ft-lb level was chosen 
because frequency distribution plots made by Van- 
derbeck’ indicated that such a criterion is more 
informative than other levels of energy absorption 
in the keyhole Charpy tests. 


Heat Treatment 

The heat treating was performed in a large elec- 
tric furnace which had sufficient heating capacity to 
heat treat at least six 6x12% in. sections of % in. 
plate. The six plates were placed in a hot furnace 
on edge and separated by small sections of refrac- 
tory brick splits. Since the two outer plates might 
have different heating and cooling rates, these plates 
were not used in the test program. One of the center 
plates contained a thermocouple for determining the 
heating and cooling rates that would be typical of 
the three remaining test plates. A typical heating 
curve is shown in Fig. 3. Five austenitizing tem- 
peratures ranging from 1500° to 1900°F were used 
in this study. After the plates had been in the fur- 
nace for 14% hr, they were withdrawn and cooled at 
four different rates. 

With the exception of the 1500°F furnace tem- 
perature, the 142 hr heating time was sufficient for 
all the plates to reach furnace temperature. At a 
1500°F furnace temperature, the thermocouple 
showed a temperature of only 1480°F when 90 min 
had elapsed. The austenitic grain size resulting from 
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Fig. 3—Heating rate for center of 34 in. plate. Furnace tem- 
perature was 1800°F. 
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a—Austenitized at 1500°F. 


Fig. 4—Microstructure after water quenching from various austenitizing temperatures after heating 14% hr. Picral etch. X100. Area reduced 


approximately 45 pct for reproduction. 


the 90 min treatments is shown by the micrographs 
in Fig. 4. Since the plates treated at 1500°F for 1% 
hr did not reach furnace temperature, another group 
of plates was heat treated at 1500°F for 8 hr. The 
austenitic grain size, after such a treatment, was 
very similar to the one shown for the 1600°F treat- 
ment in Fig. 4. This was a mixture of large and 
small grains. 

The austenitic grain-coarsening temperature of 
this steel is about 1600°F. Both coarse and fine 
grains were found in the plate heated 1% hr at this 
temperature. Heating for 8 hr at 1600°F produced 
uniformly coarse austenite grains. 

The four methods of cooling used to give different 
cooling rates and thus produce different ferrite grain 
sizes varied from air-blast cooling to furnace cool- 
ing. The air-blast cooling was done by placing the 
plates, still separated by the refractory brick splits, 
in front of a large electric fan, thus cooling the 
plates in circulating air. Still-air cooling, done in a 
similar way but without the fan, produced a some- 
what slower cooling rate. The third method con- 
sisted of burying the plates in vermiculite. This 
produced a faster cooling rate than that resulting 
from furnace cooling. The last and slowest cooling 
rate was produced by furnace cooling. Typical cool- 
ing curves are shown in Fig. 5. 


Microstructure 
The ferrite grain sizes of the heat-treated steels 
were determined by counting the number of ferrite 


Table II. Ferrite Grain Sizes of Specimens of Project Steel “A” Plate 
Heated at Various Temperatures and Cooled at Various Rates to 
Room Temperature 


Ferrite Grain Size, 


Austeni- Grains per Sq In. at X100 
tizing 

Temper- Type of Longi- Trans- Aver- 

ature, °F Cooling tudinal verse age 

Furnace Time: 112 Hr 
1500 Air blast 90 96 93 
1500 Still air 139 108 123 
1500 Vermiculite 82 82 . 82 
1500 Furnace 82 98 93 
1600 Air blast 126 131 128 
1600 Still air 98 100 99 
1600 Vermiculite 57 48 51 
1600 Furnace 56 62 59 
1700 Air blast 114 139 126 
1700 Still air 87 84 85 
1700 Vermiculite 48 36 42 
1700 Furnace 28 37 31 
1800 Air blast 60 64 62 
1800 P Still air 51 46 48 
1800 Vermiculite 21 23 22 
1800 Furnace | 18 20 19 
1900 Air blast 52 61 56 
1900 Still air 45 47 46 
1900 Vermiculite 26 22 24 
1900 Furnace 18 21 19 
Furnace Time: 8 Hr 

1500 Air blast 105 
1500 Still air 86 17 81 
1500 Vermiculite 64 64 64 
1500 Furnace 41 44 42 


TRANSACTIONS AIME 


cooled 


N Bis Cooled in vermic 
led in still oir \ N 


Temperoture, F 


Cooled in air 


10 100 1000 


Time, minutes 


Fig. 5—Cooling curves of plate austenitized at 1700°F. 


grains in a 4 sq in. area of a micrograph taken at 100 
diam, dividing by four. The counts of longitudinal 
and transverse direction were in good agreement, as 
shown in Table II. In addition to changing the fer- 
rite grain size, the heat treatments change the 
pearlite distribution and spacing. The pearlite dis- 
tribution was measured by counting the patches of 
pearlite in the same areas used for the ferrite grain- 
size counts. This count was also divided by four to 
give pearlite areas per square inch at 100 diam, as 
shown in Table III. Pearlite spacing was not deter- 
mined quantitatively, but microscopic examination 
of the specimens indicated a variation in spacing 
with the different cooling rates. The spacing was 
wider for slower cooling rates. 

The variations in ferrite grain size and pearlite 
distribution are shown by the micrographs in Fig. 6. 
These are longitudinal sections austenitized at 
1700°F for 1% hr. The space between the lamellae 
in the pearlite increased with slower cooling rates. 
The size of the ferrite grains increased with de- 
creases in cooling rate. These samples were etched 
to show the ferrite grain boundaries and pearlite 
distribution but do not show the lamellae of the 
pearlite plainly. 

The effects of austenitizing temperature and vari- 
ous cooling rates on ferrite grain size and pearlite 
distribution are shown in Figs. 7 and 8, respectively. 
The number of pearlitic areas increases as the num- 
ber of ferrite grains increase, as shown in Tables II 
and III. Of course, many other changes in micro- 
structure occur when steels are cooled from various 
temperatures and at various rates. One of the most 
noticeable changes is in the distance between bands 
of pearlite; the slower the cooling rate, the wider 
the bands. This change is accompanied by a varia- 
tion in the size of the pearlite areas; therefore, one 
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a—Cooled in air 
blast. 


c—Cooled in vermi- 
culite. 


GRINS 


b—Cooled in still air. 


d—Furnace cooled. 


Fig. 6—Microstructure of 34 in. plates cooled by various methods from an austenitizing tem- 
perature of 1700°F. Nital etch. X180. Area reduced approximately 30 pct for reproduction. 


characteristic is related to the other. For the pur- 
pose of this study, the ferrite grain size and the 
number of pearlitic areas were used as parameters. 


Influence of Heat Treatment on Tear Test Properties 

Sufficient material was heat treated to prepare 12 
tear test specimens representing each condition. In 
a few cases, unfortunately, some of the specimens 
were lost in their preparation. The remaining ones 
were broken at various temperatures to determine 
transition temperatures. 

As stated earlier, the transition temperature is 
defined as the highest temperature where 25 pct or 
more of the specimens are brittle." This is the 
method recommended by Kahn* and was used be- 
, cause of the limited number of specimens from the 
heat-treated plates available for this study. Addi- 
tional work in progress at Battelle suggests that 
there are some advantages in defining tear test tran- 
sition temperatures on the basis of 50 pct probability 
of cleavage fracture. 
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Fig. 7—Effect of austenitizing temperature and cooling rate 
on ferrite grain size. 
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A summary of the transition temperatures for the 
plates heated 1% hr is shown in Table IV. For the 
plates heated 8 hr at 1500°F, the transition tem- 
peratures are listed in Table V. Fig. 9 shows the 
influence of austenitizing temperature on the tear 
test transition temperature of the heat-treated steel. 

When the ferrite grain size of the steels is consid- 
ered, the steels with the coarser, i.e., smaller number 
of, grains tend to have the higher transition tem- 
peratures, as shown in Fig. 10. According to results 
shown in Fig. 10, the transition temperature de- 
creases 10°F for an increase of 12 grains per 0.01 in. 
sq area. This effect was the same for all cooling 
rates. 

Heat treatment also affected the maximum load 
necessary to break the test specimen, the energy 
absorbed by the specimen before maximum load, 
and the energy absorbed after the maximum load 
was reached. Table VI is a summary of these prop- 
erties. The maximum load was decreased by an 
increase in austenitizing temperature and slower 
cooling rates. Since this load is a crude measure- 
ment of the ultimate strength and ductility, it is 
difficult to decide which property was affected most 
by the heat treatment. A general tendency exists for 
the amount of energy required to initiate and propa- 
gate the fracture to decrease with an increase in 
austenitizing temperature and a slower cooling rate. 
These properties are dependent on the maximum 
load, so therefore should follow the same pattern 
as maximum load. 


Influence on Keyhole Charpy Properties 


Four keyhole Charpy specimens representing each 
heat treatment were broken at each 10°F tempera- 


Table III. Pearlite Distribution in Specimens of Project Steel “A” 
Plate After Heat Treatment 
arteries: Number of Pearlite Areas per Sq In. at X160 
zing 
Tempera- Cooled in Cooled in Cooled in Furnace 
ture, °F Air Blast Still Air Vermiculite Cooled 
Furnace Time: 112 Hr 
1500 80 64 28 35 
1600 46 41 21 25 
1700 49 41 18 12 
1800 29 25 8 9 
1900 27 24 abt 8 
Furnace Time: 8 Hr 
1500 48 41 28 18 


TRANSACTIONS AIME 


| 
| 
| 
| 
| 


Table IV. Summary of Tear Test Transition Temperatures of Project 
Steel “A” Plates Heat Treated in Various Ways 


Table V. Summary of Tear Test Transition Temperatures of Project 
Steel “A” Plates Austenitized at 1500°F for 8 Hr 


Tear Test Transition Temperature, °F* 


Austenitizing Temperature, °F 


Type of Cooling 1500 1600 1700 1800 1900 
Air blast 1007 50 80 100 110 
Still air 907 50 80 110 110 
Vermiculite 110; 607 120 130 140 
Furnace 70 100 120 130 140 


* The tear test transition temperature is defined as being the high- 
est temperature where one or more of four specimens breaks with 
less than 50 pct of the fracture area exhibiting a dull or fibrous 
texture. 

7 Transition temperatures are based on limited data. Only one to 
three ductile specimens were tested at temperatures 10° higher than 
the transition temperature reported. These temperatures will not be 
used in the study. 


ture interval throughout the transition range. The 
specimens were parallel to the direction of rolling 
and were notched perpendicular to the plate surface. 
As shown in Fig. 2, the Charpy value at room tem- 
perature is well above 25 ft-lb for the as-rolled 
plate in the longitudinal direction. However, many 
of the heat treatments reduced the values to ap- 
proximately 20 ft-lb, far above the transition tem- 
perature; therefore, a 12 ft-lb transition value was 
used. Table VII is a summary of the transition tem- 
peratures for the 10, 12, 15, and 20 ft-lb criteria. 
The Charpy value at 80°F also is shown for com- 
parison. 

The effect of austenitizing temperature on the 12 
ft-lb transition temperature is shown in Fig. 11. 
Lowering the temperature from 1900° to 1800°F had 
no significant effect. The major change in transition 
temperature, with austenitizing temperature, oc- 
curred between 1800° and 1600°F. In most cases, 
the longer austenitizing time at 1500°F gave a lower 
transition temperature. The effect of cooling rate 
appeared to be far more important than austenitiz- 
ing temperature. As shown in Fig. 5, the major dif- 
ference in cooling rate was between the plates 
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Fig. 8—Effect of austenitizing temperature and cooling rate 
on distribution of pearlitic areas. 
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Tear Test Transition* 


Type of Cooling Temperature, °F 


Air blast 10 
Still air 80 
Vermiculite 110 
Furnace 100 


* The tear test transition temperature is defined as being the 
highest temperature where one or more of four specimens breaks 
with less than 50 pct of the fractured area exhibiting a dull or 
fibrous texture. 


cooled in still air and those cooled in vermiculite. 
This is shown also in Fig. 11 where the major differ- 
ence in transition temperature was between the 
plates cooled in air and those cooled in vermiculite. 

The relationships between ferrite grain size and 
Charpy transition temperature are shown in Fig. 12. 
For plates cooled at equal rates, the transition tem- 
perature decreased regularly with grain size. As in 
the previous discussion, the plates can be considered 
representative of two significantly different cooling 
rates. Steels that were cooled fairly rapidly, in still 
air or by an air blast, showed the same influence of 
grain size. The Charpy transition temperature de- 
creased about 30°F for an increase of one ASTM 
number. This value agrees with data reported by 
previous investigators.” 

The plates cooled slowly in vermiculite or in the 
furnace behaved approximately alike. The effect of 
ferrite grain size on the Charpy transition tempera- 
ture of these steels is less pronounced than for the 
other groups. The transition temperature decreased 
only 13°F for each ASTM number in the case of the 
materials cooled fairly slowly from the austenitizing 
temperature. 

For ferrite grain sizes approximating ASTM No. 
614, the Charpy transition temperature is about 30°F 
higher for the plates cooled at the slower rate. 

The four points shown on the two dashed lines are 
for the plates heated to 1500°F for 14% hr. They do 
not fit the curves for the remainder of the plates. 
For the same ferrite grain size, the transition tem- 
perature was higher than that for plate austenitized 
8 hr at the same temperature. 
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Fig. 9—Effect of austenitizing temperature and cooling rate 
on tear test transition temperature of project steel “A.” 
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Fig. 10—Effect of ferrite grain size on tear test transition 
temperature. 


Correlation Between Tear Test and Keyhole Charpy 
Transition Temperatures 


It seems natural to expect a correlation between 
transition temperatures established by different 
kinds of notched-bar tests. At least, several investi- 
gators have suggested formulas for estimating 
Charpy transition temperatures from data obtained 
with other notches or at other energy levels. Con- 
versions of this kind can be misleading. Earlier ex- 
periments on this project showed that a particular 
change in nitrogen or manganese content does not 
have the same effect on the transition temperature 
in Charpy tests as it does in tear tests. That is, the 
difference between the two transition temperatures 
is influenced by chemical composition. The present 
study shows that the relationship between the tran- 
sition temperatures of a particular steel is influenced 
also by microstructure. This conclusion is illus- 
trated by Fig. 13. 

Fig. 13 is a correlation chart for transition tem- 
peratures determined in the tear test with those set 
by the 12 ft-lb Charpy level. It shows that speci- 
mens cooled relatively rapidly fit a trend line differ- 


Table VI. Tear Test Properties of Project Steel “A” After Heat 


Treatment 
Energy to 
Austeni- Energy to Pro- 
tizing Maxi- Initiate pagate 
Temper- Type of mum Fracture, Fracture, 
ature, °F Cooling Load, Lb Ft-Lb* Ft-Lb* 
1500 Air blast 37,480 5807 630+ 
1500 Still air 36,610 720+ 630+ 
1500 Vermiculite 33,480 7307 700+ 
1500 Furnace 33,580 690 530 
1600 Air blast 37,290 810 650 
1600 Still air 36,350 745 550 
1600 Vermiculite 32,990 770+ 510+ 
1600 Furnace 31,472 620 560 
1700 Air blast 36,025 780 660 
1700 Still air 35,235 700 580 
1700 Vermiculite 31,390 580 490 
1700 Furnace 31,430 600 500 
1800 Air blast 33,870 730 645 
1800 Still air 31,180 725 660 
1800 Vermiculite 31,350 600 490 
1800 Furnace 30,580 590 485 
1900 Air blast 35,640 690 645 
1900 Still air 34,900 770 640 
1900 Vermiculite 30,410 540 490 
1900 Furnace 29,960 535 470 


* Average of the results from the four ductile specimens broken 


10°F above the transition temperature. 
+ Average, based on limited number of tests. 
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Table Vil. Summary of Keyhole Charpy Properties of Project 
Steel “A” Plates After Various Heat Treatments 


Transition Temperature, °F 


Austeni- 
tizing Charpy 10 12 15 20 
Temper- Type of Value Ft-Lb Ft-Lb Ft-Lb Ft-Lb 
ature, °F Cooling at 80°F Level Level Level Level 
As-Rolled 26.3 4 10 19 34 
Furnace Time: 1142 Hr 
1500 Air blast 22.8 33 37 43 54 
1500 Still air 23.0 24 29 35 51 
1500 Vermiculite 13.8 65 ffi 79 93 
1500 Furnace 16.3 63 69 79 95 
1600 Air blast 26.5 2 7 12 22 
1600 Still air 27.0 2 6 13 29 
1600 Vermiculite 16.5 58 64 72 92 
1600 Furnace 12.8 69 75 84 102 
1700 Air blast 28.5 2 8 15 28 
1700 Still air 25.0 19 25 33 47 
1706 Vermiculite 15.3 69 76 86 105 
1700 Furnace 8.8 T7 . 83 92 106 
1800 Air blast 20.0 34 42 54 15 
1800 Still air 20.5 39 43 49 72 
1800 Vermiculite 7.8 83 88 97 117 
1800 Furnace 8.0 87 93 103 122 
1900 Air blast 24.5 35 40 48 60 
1900 Still air 24.5 33 35 39 55 
1900 Vermiculite 9.3 82 87 95 113 
1900 Furnace 8.5 87 95 105 126 
Furnace Time: 8 Hr 
1500 Air blast 26.0 10 £5 21 32 
1500 Still air 26.0 8 12 19 34 
1500 Vermiculite 19.8 53 57 65 82 
1500 Furnace 11.8 67 74 84 99 


ent from that for the plates cooled quite slowly 
from the same austenitizing temperatures. The 
graph indicates that changing the rate of cooling can 
cause a variation of about 35°F in Charpy transition 
temperature between plates of this steel having the 
same transition temperature in tear tests. Similarly, 
two plates having 12 ft-lb Charpy values at the same 
temperature could perform quite differently in the 
tear test. 

As discussed previously, slow cooling increased 
the size of the pearlite patches and the spacing of 
the pearlite bands. Variations in cooling rate had 
no effect on transition temperatures of tear-test 
specimens having the same ferrite grain size. This 
was not true for Charpy specimens. If the slight 
differences in slopes of the trend lines are neglected, 
Fig. 13 shows that slow cooling consistently raised 
the Charpy transition temperature. Therefore, the 
data show that the Charpy test is more sensitive 
than the tear test to variations in microstructure 
other than grain size. The results of these experi- 
ments emphasize the dangers of predicting transi- 
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Fig. 11—Effect of austenitizing temperature and cooling rate 


on Charpy transition temperature of steels cooled by various 
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Fig. 12—Effect of ferrite grain size on keyhole Charpy transi- 

tion temperature of project steel “A” cooled at different rates. 

The variation in grain size was obtained by using different 

austenitizing temperatures and cooling rates. 
tion temperatures for one type of test from transi- 
tion temperatures determined in other types of 
notched-bar tests. 

Summary 

The results of this work may be summarized as 
follows: 

1—The average ferrite grain size was found to be 
dependent on the cooling rate as well as on the aus- 
tenitizing temperature. 

2—The number of pearlite areas was also found 
to be dependent on both the cooling rate and aus- 
tenitizing temperature. 

3—The tear test transition temperature of this 
steel was found to depend only on the ferrite grain 
size resulting from various heat treatment. An in- 
crease of 12 ferrite grains per square inch of image 
at X100 corresponds to a decrease of 1°F in transi- 
tion temperature. This change is the same for all 
cooling rates. The maximum load and the energy 
required to start or to propagate fracture decreased 
by increasing the austenitizing temperature and by 
decreasing the cooling rate. 

4—-The keyhole Charpy transition temperature 
was dependent not only upon the ferrite grain size, 
but also upon other changes in microstructure 
caused by differences in cooling rate. The ferrite 
grain size has the greatest effect on transition tem- 
perature on steels cooled rapidly from the austenitic 
condition. For air-cooled steels, the change is ap- 
proximately 30°F for each ASTM grain size number. 

The number of pearlitic patches was related to the 
number of ferrite grains; therefore, the Charpy 
transition temperature was also dependent on the 
number of pearlitic patches. Other variables in the 
pearlitic structure were not determined quantita- 
tively. 

5—Data obtained in this study illustrate the diffi- 
culty of estimating accurately transition tempera- 
tures for one type of notched-bar test from data 
obtained’on another kind of specimen. The transi- 
tion temperatures. measured in tear tests and in 
Charpy tests, on this semikilled steel, were not 
affected equally by changing the cooling rate from 
the austenitizing temperature. 
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Isoembrittlement in Chromium and Molybdenum Alloy Steels 
During Tempering 


by Gopalkrishna Bhat and Joseph F. Libsch 


lsoembrittlement curves depicting the influence of time and temperature in the range 800° to 
1260°F (425° to 680°C) on the development of embrittlement in a commercial chromium alloy steel 
and a commercial molybdenum alloy steel are presented. Two distinct regions of embrittlement occur 
in the chromium alloy steel: 1—at 800° to 1000°F (425° to 540°C) and 2—in the region just below 
the lower critical temperature. Embrittlement is most pronounced at 800° to 1000°F, decreasing 
very rapidly with increasing temperature above this region, only to increase again as the lower critical 
temperature is approached. The data suggest two distinct modes of embrittlement with possible 
superposition of the two modes at extended embrittling times in the temperature range 1100° to 
1150°F (590° to 620°C). While the molybdenum alloy steel shows little susceptibility to embrittle- 
ment at 800° to 1000°F (425° to 540°C), considerable embrittlement may occur just below the lower 


critical temperature. 


3 Dis subject of temper embrittlement in alloy 
steels has received considerable attention in the 
last few years. Points of view on the mechanism of 
embrittlement differ, however, resulting in part from 
the incompleteness of the data developed and in part 
from the speculation regarding the susceptibility of 
plain carbon steel to temper embrittlement. 

Libsch, Powers, and Bhat’ carried out short-time 
embrittling treatments on an AISI 1050 steel and 
demonstrated that hardened plain carbon steels are 
quite susceptible to embrittlement when tempered 
in the range from 850°F (455°C) to the lower criti- 
cal temperature. The .isoembrittlement diagram,’ 
representing the embrittling characteristics of this 
steel, is reproduced in Fig. 1. It is evident from the 
shape of the curves shown that embrittlement in 
plain carbon steel increases progressively with both 
temperature and time in the embrittling range. 

A comparison of the isoembrittlement diagram 
for AISI 1050 steel with that presented by Jaffe and 
Buffum’ for an SAE 3140 steel shows that up to 
930°F (500°C) the isoembrittlement characteristics 
of the plain carbon steel are similar to those of SAE 
3140 steel, although the embrittlement is much more 
severe in the latter steel. Above 930°F (500°C), the 
rate of embrittlement in the plain carbon steel in- 
creases continuously with increasing temperature; 
~whereas, in the SAE 3140 steel, the embrittlement 
rapidly decreases. 

The influence of alloying elements upon embrittle- 
ment during tempering thus appears to cause a de- 
crease in embrittlement above the region of maxi- 
mum embrittlement, i.e., 850° to 1000°F. The ques- 
tion naturally arises as to what effect individual 
alloying elements have upon the embrittling charac- 
‘teristics of the plain carbon steel. 

Current knowledge on the influence of alloying 
elements on temper brittleness may be found in the 
review papers of Hollomon’® and Woodfine.* Hollo- 
mon,’ from the results of other investigators, has 
shown that, in general, the amount of embrittlement 
increases with increasing alloy content (except for 
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molybdenum and possibly tungsten and columbium). 
Jaffe and Buffum,° by a comparison of the embrittle- 
ment in a plain carbon steel with that of a SAE 3140 
steel postulated that the presence of alloying ele- 
ments in moderate amounts tends to retard the de- 
velopment of temper brittleness. 

It is difficult to determine what effect chromium 
has upon temper brittleness, since most of the in- 
formation available has been based on the combined 
effect of other elements with chromium, particularly 
nickel and manganese. However, Wilten,* and re- 
cently Jolivet and Vidal,’ Vidal,* and Woodfine’ have 
reported that chromium steels are temper brittle, 
that the embrittlement is reversible with a maxi- 
mum rate of embrittlement at approximately 975°F 
(525°C),° and that the susceptibility increases with 
increasing amounts of chromium.’ Taber, Thorlin, 
and Wallace” have found a large embrittling effect 
with increasing chromium content in a medium 
C-Mn-Ni steel. But Hultgren and Chang,” from 
their experiments conducted on synthetically pre- 
pared ternary Fe-C-Cr alloys, could not conclude 
that these alloys are susceptible to temper embrittle- 
ment. However, on addition of manganese or phos- 
phorus, these Fe-C-Cr alloys became susceptible, 
from which fact they concluded that the embrittle- 
ment developed in chromium-bearing Fe-C alloys is 
due chiefly to the presence of these elements. 

Considerable data are available to show that 
molybdenum decreases the susceptibility of steel to 
temper embrittlement. However, its effectiveness in 
preventing or decreasing embrittlement appears 
limited to its presence in small amounts. Vidal® has 
shown that a plain 2 pct Mo steel was susceptible. 
Hultgren and Chang” also have shown that molyb- 
denum additions in excess of 2 pct to synthetically 
prepared Ni-Cr steels did not prevent embrittlement. 
Jolivet and Vidal’ and Lea and Arnold” found that 
molybdenum reduced temper brittleness. Lea and 
Arnold further stated that molybdenum decreased 
the rate of embrittlement rather than the total 
amount of embrittlement, whereas Preece and 


Carter“ have shown that the presence of molyb- 


denum greatly reduces the equilibrium extent of the 
change at a given temperature but does not appear 
to influence the rate of embrittlement. There ap- 
pears to be very little information as to how molyb- 
denum by itself affects the temper brittleness sus- 
ceptibility of a plain carbon steel. 


TRANSACTIONS AIME 


It is evident from the literature that several as- 
pects of the brittleness occurring during tempering 
of steel, particularly the influence of the common 
alloying elements on the nature of the embrittling 
reaction, need clarification. It further appears that 
isoembrittlement diagrams based upon the newer 
concept of an unembrittled state’ and extension of 
the embrittlement studies to higher temperatures 
and shorter times may be helpful in understanding 
the true behavior of the alloying elements. 

It is the object of this investigation, therefore, to 
study the kinetics of the embrittling reaction in a 
chromium (AISI 5140) and a molybdenum (AISI 
4047) steel and to construct isoembrittlement dia- 
grams for comparison with the isoembrittlement di- 
agram for the plain carbon steel. 


Experimental Details 


Material: The steel stock received for this in- 
vestigation was in the form of % in. hot-rolled 
rounds. Both steels were prepared in the basic open 
hearth furnace and were aluminum-killed heats. 
The chemical analyses of the steels are given in 
Table I. The lower critical temperatures were de- 
termined by metallographic analysis of specimens, 
induction tempered at 20°F intervals. The details 
of the austenitizing treatment and results on the 
two heats studied are recorded in Table II. 

Preliminary Treatment: All hardened specimens 
were first tempered by induction heating at 1260°F 
(680°) for 5 sec. This treatment was designed to 
minimize the hardness differential in isothermally 
embrittled specimens. Since it also provided the 
minimum transition temperature observed in each 
steel (Tables III and IV), it was considered to repre- 
sent the essentially unembrittled state and used as a 
basis for comparison for all subsequent embrittling 
treatments. Actual treatment was accomplished 


Table I. Chemical Composition of the Steels Used in this 
Investigation 


Table II. Details of Hardening and Preliminary Tempering 


Treatment 
Tempering Tem- 
Harden- Grain Tempera- pered 
ing Treat- Size, ture, °F, Hard- 
ment, OF, ASTM  Hard- 5 Sec In- ness, 
Oil Quench No. ness, Rc duction Re 
AISI 5140 1540, lhr 7 60 1260 38.5 
AISI 4047 1500, % hr 7 59 1260 38.5 


with a high frequency converter operating at a fre- 
quency of approximately 300,000 cycles per second. 
In order to insure uniform heating of the specimen, 
a coil that provided a relatively loose coupling was 
used. Specimens were heated at a rate of approxi- 
mately 200°F (110°C) per second, maintained at 
temperature for 5 sec, and quenched immediately 
upon completion cf the heating cycle by means of a 
spray quench arrangement surrounding the load 
coil. Temperature control was achieved by percus- 
sion welding the individual wires of a chromel- 
alumel thermocouple to the specimen at its mid- 
point and connecting them to a high speed recorder 
controller. This preliminary tempering treatment 
provided a uniformly tempered martensitic struc- 
ture and the tempered hardness for both steels is 
recorded in Table II. 

Isothermal Embrittling Treatment: Subsequent to 
the preliminary heat treatment, specimens were 
divided into a number of series and embrittled in 
the range from 800°F (425°C) to the vicinity of the 
lower critical temperature for the steel in question, 
for periods varying from 5 sec to 100 hr, as indi- 
cated in Tables III and IV, respectively, for AISI 
5140 and 4047 steel. All specimens were water 
quenched from the embrittling temperature. 

Testing Procedure: The embrittled specimens were 
machined into standard V-notched Charpy speci- 
mens. Impact tests were conducted over a range of 
temperatures to develop the transition from ductile 
to brittle-type failure. Testing temperatures higher 
than room temperature were obtained by immersing 
the specimens in hot water, while the low tempera- 
tures were secured by dry ice-alcohol or alcohol- 
liquid nitrogen mixtures. The specimens were held 
at the required testing temperatures for not less 
than 5 min to attain equilibrium. They were then 
transferred to the anvil of a 264 ft-lb impact ma- 
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Table III. Heat Treatment, Transition Temperatures, and Hardness 
Values for Specimens of AIS! 5140 Steel 
Isothermally Embrittled 

Embrittlement 
Transition 
Tem- Temperature, °F 
pera- 
Series ture, Hard- 

No. F Time ness, Rc a* b** ct 

1 1260 5 sec ; —36 —80 —80 
2 1260 5 min 31.5 to 32.5 —20 —74 —64 

3 1260 1 hr 26.5 to 27 —24 —76 —62 

4 1260 5 hr 21 to 22 0 —48 —48 

5 1260 24 hr 15.5 to 16.5 22 —26 —6 

6 1260 100 hr 10 74 0 

a 1200 1 hr 29.5 —24 —70 —56 

8 1200 5 hr 22::5°to 23.5 —8 —54 —24 

9 1200 24 hr 20.5 14 —40 —16 
10 1100 5 min OVO, 8 —34 —37 
Lids 1100 lhr 33 to 33.5 12 —38 —40 
12 1100 5 hr 30 to 30.5 —6 —46 --34 
13 1100 24 hr 25 to 26 —10 —44 —32 
14 1100 100 hr 21.5 8 —40 —18 
15 1000 min 738 —12 —46 —48 
16 1000 5 min 35.5 to 37 4 —44 — 
17 1000 1hr 35 to 36.5 58 4 —40 
18 1000 5 hr 34.5 70 14 ) 
19 1000 24 hr 29.5 to 30.5 58 10 18 
20 1000 100 hr 29 to 29.5 38 —12 10) 
a 900 5 min 37 to 38.5 —15 —72 — 
2} 900 1 hr 37.5 to 38 +20 —32 —38 
23 900 5 hr 37 to 38 85 12 =f 
24 900 100 hr 34.5 170 94 74 
25 800 1 hr 38 —16 —66 
26 800 24 hr 37 to 38 —2 —32 —32 
27 800 100 hr 36 to 37 54 18 0 


* a: lowest temperature at which fracture is 100 pct fibrous. 
** b: temperature at 50 pct fibrous fracture. 
7c: temperature at maximum impact energy level the 
observed is still 100 pct fibrous. 


chine, having a striking velocity of 16.5 ft per sec, 
and broken immediately. 

From the data of the impact test, curves repre- 
senting the transition from ductile to brittle-type 
failure were plotted for each of the series. The per- 
centage of fibrous fracture was obtained by actual 
measurements on each of the broken specimens. 

Results: Included in Tables III and IV are the 
transition temperatures and Rockwell hardness 
values obtained for each of the embrittling treat- 
ments. Typical plots of energy absorbed in break- 
ing and percentage of fibrous fracture vs testing 
temperature are presented in Fig. 2. Three separate 
criteria were considered to represent transition tem- 
perature. These criteria included 1—the lowest test- 
ing temperature at which the fracture observed was 
100 pct fibrous, 2—the temperature where the frac- 
ture observed was 50 pct fibrous, and 3—the tem- 
perature at one-half of the maximum impact energy 


Table iV. Heat Treatment, Transition Temperatures, and Hardness 
for Specimens of AISI 4047 Steel Isothermally Embrittled 


Embrittlement 
Tem- Transition 
pera- Temperature, °F 
Series ture, Hard- 

No. °F Time ness, Rc a* Lajas ct 

1 1260 5 sec 38.5 —94 —122 —122 

2 1260 5min 28 to 29 —62 —92 —82 

3 1260 1 hr 26.5 to 27.5 —34 —78 —54 

4 1260 10 hr 21 —10 —60 —44 

5 1260 100 hr 13.5 to 14.5 48 —10 _— 

6 1200 5 sec 36 —92 —124 —120 

7 1200 5min 32 —70 —106 —96 

8 1200 30min 31.5 to 32 —70 —102 —100 

9 1200 lhr 29 to 30.5 —50 —80 —72 
10 1200 5 hr 27 to 28 —40 —84 —60 
Uy 1200 100 hr 20 14 —30 —14 
12 1100 Vmini~ 35:5. —80 —106 —93 
13 1100 lhr 32 —60 —104 —100 
14 1100 3 hr 31.5 —60 —92 —84 
15 1100 10 hr 28.5 —58 -—7 —68 
16 1100 100 hr 21.5 to 22.5 —16 —56 —44 
17 1000 lmin 36 to 37 —76 —106 —114 
18 1000 5min 36.5 —70 —92 _— 
19 1000 lhr 36 —66 —98 —90 
20 1000 5 hr 35 —78 —100 —94 
21 1000 10 hr 32.5 to 33.5 —82 —102 —96 
22 1000 100 hr 33.0 —50 —88 —80 
23 950 10 hr 35.0 —86 —100 —110 
24 950 50 hr 34.5 —72 —110 —110 
25 900 lmin 38.5 —86 —104 —110 
26 900 1 hr 36.5 —72 —100 —84 
27 900 10 hr 34.5 to 35.5 —60 —102 —92 
28 900 28 hr 34.5 to 35 —60 —100 —98 
29 900 100 hr 32:5 to 33. —76 —110 —110 
30 800 lhr 37.5 to 38.5 —80 —112 —108 
31 800 12 hr 34.5 to 35.5 —74 —108 —104 
32 800 100 hr 34 to 35 —70 —104 —88 


*a: lowest temperature at which fracture is 100 pct fibrous. 

** b: temperature at 50 pct fibrous fracture. 

+c: temperature at % maximum impact energy level where the 
fracture observed is still 100 pct fibrous. 


level obtained for completely fibrous fractures. The 
transition temperatures based on the foregoing 
three criteria were read from the transition curves 
developed for all embrittling treatments and are 
assembled in Tables III and IV. The actual transi- 
tion curves developed for all the embrittled series 
have been presented in unpublished reports.“ 

While the absolute values of the transition tem- 
perature vary with the criteria used in determina- 
tion, the trend appears generally consistent with all 
criteria. In plotting the isoembrittlement diagram, 
however, the transition temperature criterion used 
was based on the lowest testing temperature at 
which fracture was still 100 pct fibrous. This was 
done to effect a direct comparison of the results of 
this work with previously published work on an 
SAE 3140 steel.’ 
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In Fig. 3 the difference in transition temperature 
between an unembrittled series and the embrittled 
series for the AISI 5140 steel is plotted as a function 
of the embrittling time for each of the embrittling 
temperatures used. Fig. 4 represents a similar plot 
for the AISI 4047 steel. Using the information from 
Figs. 3 and 4, the isothermal embrittlement charac- 
teristics of the AISI 5140 and 4047 steel are pre- 
sented in Figs. 5 and 6, respectively. The curves 
given represent equal degrees of embrittlement de- 
veloped by various combinations of tempering tem- 
perature and time. Since the transition temperature 
determined for the specimens considered unembrit- 
tled was used as a basis in constructing Figs. 5 and 
6, it is apparent that the curves given also represent 
the increase in transition temperature caused by 
various embrittling temperatures and times. The 
actual increase in transition temperature repre- 
sented by each curve is shown in the boxes at the 
top of the figures. 


Discussion of Results 

Effect of Chromium: A study of the isoembrittle- 
ment diagram presented for the AISI 5140 steel 
(Fig. 5) leads to the following observations: 

1—The embrittlement characteristics of the chro- 
mium alloy steel are markedly different from those 
observed in the plain carbon steel. 

2—In the chromium steel, two distinct regions of 
severe embrittlement occur: one associated with 
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embrittling temperatures in the region 800° to 
1000°F (425° to 540°C), and the other with tem- 
peratures just below the lower critical. 

3—Embrittlement decreases very rapidly as the 
temperature is increased above the region 800° to 
1000°F (425° to 540°C). This behavior is similar to 
that observed by Jaffe and Buffum’ in an SAE 3140 
steel. The extent of embrittlement at 900°F (480°C) 
is particularly severe. Embrittlement at 1000°F 
(540°C) may develop in a matter of a minute. 

4—The embrittlement occurring below the lower 
critical temperature is similar in nature to that 
observed in a plain carbon steel (Fig. 1). The em- 
brittling reaction progresses with increase of both 
time and temperature. However, the rate, as well 
as the extent of embrittlement, appears to be 
slightly retarded in this region by the addition of 
chromium. 

5—At extended times the course of embrittlement 
at 1100°F (590°C) appears to be influenced by the 
superposition of the two modes of embrittlement 
occurring just below the critical temperature and in 
the temperature range 800° to 1000°F (425° to 
540°C). 

A study of the increase in transition temperature 
with embrittling time at constant embrittling tem- 
peratures of 1000° (540°) and 1100°F (590°C) is 
also enlightening (Fig. 3). While the embrittlement 
occurring at 1000°F (540°C) is initially rapid, it 


160 


140 1260 °F 
1200 °F 


00 °F 


oF 


1000 °F 


950 °F 


900 °F 


800°F 


° 


Fig. 4—Increase in transition 


temperature vs embrittling time oe 


for various embrittling temper- 
atures, AISI 4047 steel. 


60 


INCREASE IN TRANSITION TEMPERATURE 


40 


5 SEC 


TRANSACTIONS AIME 


4 
N 
4a 
100 1000 | 19.000 _| 100,000 1,000,000 
2 5 MIN THR 5 TOO ARS 


EMBRITTLING TIME IN SECONDS 


FEBRUARY 1955, JOURNAL OF METALS—333 


decreases with time. Higher temperature, i.e., 
1100°F (590°C), has a similar but more pronounced 
effect in decreasing embrittlement at short times. 
Longer times at 1100°F (590°C), however, initiate 
a change in behavior, i.e., an increase in embrittle- 
ment, presumably as the result of the superposition 
of the high temperature embrittlement at these 
longer times. 

Effect of Molybdenum: An examination of the 
isoembrittlement diagram for the AISI 4047 steel 
(Fig. 6) shows that, in general, the embrittling 
characteristics of the molybdenum alloy steel are 
similar to those for the plain carbon steel. The em- 
brittlement in this steel increases rather uniformly 
with temperature and time up to the lower critical 
temperature. 

Molybdenum in the amount present causes little 
embrittlement in the temperature range 800° to 
1000°F (425° to 540°C). However, molybdenum 
only slightly retards the development of embrittle- 
ment shown by the plain carbon steel just below the 
lower critical temperature. 

A study of Fig. 4, representing the increase in 
transition temperature with embrittling time at con- 
stant embrittling temperatures, illustrates a be- 
havior not at once clear in the isoembrittlement 
diagram. Each of the curves representing embrittle- 
ment at 900° (480°), 1000° (540°), 1100° (590°), 
and 1200°F (650°C) indicates irregular behavior, 
i.e., a decrease in embrittlement with time (900°F), 
followed by an increase in embrittlement at longer 
times (1000°, 1100°, and 1200°F). The increase in 
embrittlement occurs at shorter times as the em- 
brittling temperature is raised. This behavior is rep- 
resented on the isoembrittlement diagram by the 
data included in the dashed lines. Although the 
magnitude of the change in embrittlement is smaller 
in the molybdenum alloy steel, it again appears that 
two embrittling mechanisms superimpose. 


General Discussion 

A consideration of the results presented in this 
paper for the AISI 5140 and 4047 steels, as well as 
the embrittling characteristics for an AISI 3140 
steel,” a 1050 steel," and a high manganese steel with 
and without boron” indicates that two distinct re- 
gions of embrittlement may occur during temper- 
ing: 1—in the region of 800° to 1000°F (425° to 
540°C) and 2—in the region just below the lower 
critical temperature. Since at long embrittling times 
the two regions of maximum embrittlement may 
superimpose, it appears desirable, as well as neces- 


sary, to consider the total embrittlement during 
tempering in the range 800° to 1260°F (425° to 
680°C) and not to isolate the specific embrittlement 
at 800° to 1000°F (425° to 540°C) as a separate 
phenomenon designated as temper brittleness. In 
-this connection, it appears that two different mech- 
anisms of embrittlement may occur during temper- 
ing between 800° and 1260°F (425° to 680°C). An 
attempt to identify these mechanisms is now under- 
way. 

A comparison of the embrittling characteristics 
of the chromium and molybdenum alloy steels with 
the plain carbon steel shows that alloying elements 
may have a pronounced influence on the course of 
embrittlement during tempering from 800° to 
1260°F (425° to 680°C). Thus, chromium increases 
markedly the rate and extent of embrittlement at 
900°F (480°C). Results for a Ni-Cr alloy steel by 
Jaffe and Buffum,’ as well as the results of Powers 
and Carlson for a manganese and Mn-B steel,” show 
similar behavior. The severe embrittlement caused 
by the presence of the alloying elements (except 
molybdenum) at 900°F (480°C) decreases rapidly 
with an increase of temperature to 1100° to 1150°F 
(590° to 620°C). As the lower critical temperature 
is approached, however, embrittlement proceeds in 
the alloy steels in a manner similar to that for a 
plain carbon steel. Apparently the alloying ele- 
ments, chromium and molybdenum, have a retard- 
ing influence on the embrittlement just below the 
lower critical temperature. 

The irregular influence of temperature upon the 
embrittling characteristics in alloy steels points out 
a distinct danger in attempting to determine the 
specific influence of each alloying element from tests 
at a single embrittling temperature. This appears 
especially significant when the very rapid decrease 
which may take place in embrittlement with in- 
creasing temperature is recognized. 

The data presented also continue to leave doubt 
concerning the validity of securing an essentially 
unembrittled state for comparison with embrittled 
specimens by heating just below the lower critical 
temperature and quenching prior to isothermal em- 
brittling treatments. It appears quite possible that 
this method may not only fail to attain an unem- 
brittled state, but further, that the high temperature 
tempering treatment may influence the subsequent 
development of embrittlement at 900° to 1000°F 
(480° to 540°C). 

It is interesting to note from the data on AISI 5140 
steel that an attempt to relate the hardness and 
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transition temperature at long times leads to results 
opposite from those proposed by Woodfine‘ in an 
analysis of the data presented earlier for the plain 
carbon steel. It appears, therefore, that the transi- 
tion temperature is related to a basic variable caus- 
ing embrittlement which may or may not be related 
to hardness. 


Summary 

1—Isoembrittlement diagrams for an AISI 5140 
and 4047 steel are presented. 

2—The diagram for the molybdenum alloy steel 
resembles that of the plain carbon steel, while that 
for the chromium alloy steel is strikingly different. 

3—A study of these diagrams shows that the 
presence of alloying elements may define two dis- 
tinct regions of embrittlement, one at 800° to 1000°F 
(425° to 540°C) and another in the temperature 
range just below the lower critical. 

4—Chromium appears to cause a pronounced in- 
crease in the rate and extent of embrittlement at 
800° to 1000°F (425° to 540°C). Molybdenum has 
little influence in this range. 

5—The embrittlement caused by chromium at 
900°F (480°C) decreases very rapidly with a small 
increase in temperature. 

6—Both molybdenum and chromium appear to 
retard the development of embrittlement just below 
the lower critical temperature when compared to a 
plain carbon steel. 

7—At extended embrittling times, the embrittle- 
ment occurring at temperatures of 1100° to 1150°F 
(590° to 620°C) may be influenced by the super- 
position of the high and low temperature modes of 
embrittlement. Experimental work attempting to 
determine the influence of alloying elements should, 
therefore, consider embrittlement over the entire 
tempering range. 
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Oxidation of Cobalt Metal 


by R. E. Carter and F. D. Richardson 
(With an Addendum by C. Wagner) 


By means of inert markers of radio-platinum, it has been shown that cobalt metal oxidizes by out- 
ward diffusion of cobalt atoms through the oxide. Oxidation rates have been measured at various tem- 
peratures and oxygen pressures and have been found to agree with the rates calculated from the 
Wagner equation and the authors’ values for the diffusion coefficient of cobalt in the oxide. The dis- 
tribution of radio-cobalt in growing oxide layers has been accurately measured and found to be differ- 
ent from that predicted from the Wagner oxidation theory. Attempts have been made to measure the 
change of lattice parameter of the oxide with composition. 


EVERAL investigators have shown that cobalt 

metal oxidizes according to the parabolic law,*® 
but no detailed study has been made of the oxidation 
mechanism. Cobaltous oxide has a metal-deficient 
lattice, but the defect concentration which is depend- 
ent on the oxygen pressure is only approximately 
known.* From the similarities in the structures of 
“CoO” and “FeO” and the rate laws governing the 
oxidation of cobalt and iron, Gulbransen*® has sug- 
gested that cobalt, like iron,’ oxidizes by diffusion of 
cobaltous ions through the oxide layer. To substan- 
tiate this hypothesis, he has attempted to measure 
the oxidation rate of cobalt as a function of the 
oxygen pressure but has been able to report only 
that the rate depends on a “small” power of the 
pressure. On the other hand, Preece,’ Valensi,* and 
Arkharov' all have suggested from indirect evidence 
that oxygen diffuses through the CoO to the metal- 
oxide interface. 

The present authors, in a previous paper,* have 
shown that the rate of diffusion of cobait in co- 
baltous oxide is dependent on the oxygen pressure. 
In that investigation, they also found that cobaltous 
oxide disks made by complete oxidation of cobalt 
metal were porous at their centers (Fig. 5L, ref. 4). 
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Both these facts strongly suggest that oxidation of 
the metal proceeds via outward diffusion of cations. 
In order to establish the mechanism unequivocally, 
oxidation experiments were made with inert radio- 
active platinum markers, and the dependence of 
oxidation rate on oxygen pressure was measured. In 
addition, an attempt was made to determine the 
form of the cation vacancy gradient, which the 
marker experiment showed must exist across a 
growing oxide layer. This was done by depositing 
radioactive Co” on the surface of a cobalt disk and 
then measuring the tracer distribution across the 
oxide layer produced by partial oxidation of the 
metal. Finally, an X-ray examination was made in 
an attempt to find the expected change of lattice 
parameter of CoO with oxygen pressure. 


Experimental 


The apparatus and materials used were substan- 
tially the same as those previously described by the 
authors.* 

Marker Studies: The use of inert markers to follow 
oxidation reactions was first attempted by Pfeil® in 
1929, and radioactive markers have recently been 
used by Davies et al.° In the investigation reported 
here, the markers were applied as an (NH,).PtCl, 
slurry in several thin streaks across both faces of 
four disks of cobalt metal 1 mm thick and 14 mm in 
diameter. The disks were then oxidized almost to 
completion at 1200°C in pure oxygen. After oxida- 
tion, they were mounted and sectioned and auto- 
radiographs were taken to locate the markers. 

Oxidation Rate: The oxidation rate of cobalt was 
measured at 1148°C at oxygen pressures ranging 
from 0.0055 to 1.0 atm and at 1000°, 1148°, and 
1350°C under 1 atm of oxygen. The rate was deter- 
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Table |. Oxidation Rate (Parabolic) Constant of Cobalt Metal 


Gas 


Flow at 
Standard Attack 
Tempera- Constant 
Oxygen Oxidation tureand G 02Cm-2 
Tempera- Pressure, Time, Pressure Sec-1/2 
No. ture, °C Atm Hr MI per Min x 10+ 
C-5 1148 1.0 6.2 450 3.05 
C-6 1148 0.15 24.4 460 2.24 
C-3 1148 0.0055 23.3 610 1.46 
C-2 1000 1.0 31.0 450 1.56 
C-25 1350 1.0 2.83 300 8.85 


mined by weighing cobalt disks before and after 
oxidation and by measuring the thicknesses of the 
oxide layers on sectioned disks with a microscope. 

Tracer Distribution in Growing Oxide: Four disks 
of cobalt metal, 1 mm thick, were coated on one side 
each with very thin layers of Co” which was 
deposited by evaporation. The disks then were 
oxidized in pure oxygen at 1150°C. Afterwards 
they were mounted in “lucite” and the concentration 
distribution of the tracer in the oxide determined by 
grinding off thin parallel sections from the active 
faces. The grinding was continued to within 0.005 
cm of the metal-oxide interface at which point the 
oxide layer began to break up. The total thickness 
of oxide was measured with a calibrated microscope 
after the disks had been sectioned and polished 
normal to the oxide film. The tracer distribution 
was found both by counting the activity in each thin 
section and by counting the residual 8 activity after 
removing each section. 

X-Ray Studies: X-Ray photographs were taken of 
cobaltous oxide prepared at 1150°C under oxygen 
pressures of 1.0, 0.006, and 0.00136 atm and quenched 
as in the previously described composition studies.* 
To obtain the greatest possible lattice change, one 
specimen, an oxide made under 0.005 atm of oxygen, 


a b 


Fig. 1—Comparison of a sectioned oxidation specimen (a) and 
its autoradiograph (b) showing the Pt'®” markers concentrated 
along the metal-oxide interfaces. X6.0. 
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was compacted with cobalt filings and heated under 
“oxygen-free” nitrogen for 64 hr at 1150°C. 

The Debye-Scherrer photographs were taken on a 
19 cm camera of the Bradley-Jay type with CoKa 
radiation, Ka, = 1.79015A, Ka, = 1.78890A, and Ka, 
= 1.79278A. Each photograph was taken with the 
same camera under exactly the same conditions, the 
temperature of the camera being measured during 
the exposure. The photographs were not as sharp as 
might be expected for a simple cubic structure, but 
doublets could be measured above a Bragg angle of 
44°. Because of line width, the lines in the back- 
reflection region could not be measured with an ac- 
curacy better than +0.005 cm. This uncertainty, 
which was larger than any other, determined the 
accuracy of the results. The usual Nelson and Riley 
extrapolation was made on the ten lines above a 
Bragg angle of 42°. 


Results and Discussion 

Marker Studies: One of the four sectioned disks 
and its autoradiograph are shown side by side in 
Fig. 1. It is clear that the radio-platinum markers are 
situated at the metal-oxide interface. This proves 
conclusively that cation diffusion is the principal, if 
not the only, mechanism operating during the oxida- 
tion of cobalt. 

Since platinum and cobalt form a complete range 
of solid solution, the platinum may be considered not 
to be a truly inert marker. Because the rate of 
diffusion of platinum into cobalt metal would, how- 
ever, be expected to be much slower than the rate of 
oxidation of cobalt metal, particularly during the 
initial stages of oxidation, there appears to be little 
chance for alloying to have occurred. The possibility 
of alloying is further reduced by the tendency of the 
(NH,).PtCl, to form small balls of metal during de- 
composition rather than to form a thin continuous 
film. That alloying is not significant is indicated by 
an examination of Fig. 1 where the radioactive areas 
are separated by the thin streak of residual cobalt 
metal, the edges of the active areas next to the metal 
being flat and parallel to the plane of the cobalt. 

Oxidation Rate: Since a number of investigators 
have shown that cobalt oxidizes by the parabolic 
law, the oxidation rates shown in Table I are re- 
ported in terms of the parabolic attack constant K,, 
defined by the equation 


[1] 

A Pp 
where W is the grams of oxygen added, A is the 
area, and t is the oxidation time. The constants 
given are the mean of the values obtained both by 
weighing the disks and measuring the thicknesses of 
the oxide layers. Agreement from disk to disk and 
method to method was better than +15 pct. 

The oxidation rate at 1 atm of oxygen was well 
within the limits of the rates found by Chauvenet,’ 
Johns and Baldwin,” and Dunn’ (Fig. 2). The results 
of both Johns and Baldwin and of Dunn were ob- 
tained in air; they were corrected to 1 atm of oxygen 
on the assumption of an average oxygen pressure 
exponential of 0.30. 

The oxidation rate at 1148°C is shown as a func- 
tion of oxygen pressure in Fig. 3. The rate was pro- 
portional to the 0.29 power of the oxygen pressure, 
which is in close agreement with value of 0.30 for 
the diffusion rate, and thus consistent with the find- 
ing that the oxidation of cobalt occurs by diffusion 
of the cobalt ions through the oxide as demanded by 
Wagner’s™ theory of metal oxidation. 
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Fig. 2—The oxidation rate of cobalt metal at an oxygen pres- 
sure of 1 atm as a function of the absolute temperature. 
X represents data of Dunn and Welkins;? closed circle, 
Chauvenet;’ inverted triangle, Johns and Baldwin; and closed 
square, this investigation. The constant plotted is expressed 
in (mgm of oxygen per sq cm)” per hr. 


Since the diffusion coefficient of cobalt in CoO has 
been measured as a function of oxygen pressure,* it 
is possible to test Wagner’s equations” by calculating 
the oxidation rate of cobalt metal and comparing it 
with the experimentally determined rate. 

On the assumption that oxidation of cobalt occurs 
only by cation diffusion across the oxide film to the 
gas-oxide interface, Wagner’s rate equation may be 
expressed in the form 


Lis 


2 


where K, is the rational rate constant, the number 
of chemical equivalents of oxide formed per second 
per square centimeter when the oxide layer is 1 cm 
thick; Z,, Z, are the average valency of cobalt and 
oxygen in the cobaltous oxide; c, is gram-atoms of 
oxygen per cubic centimeter of oxide; D is the self- 
diffusion coefficient of cobalt in CoO; and a, the ac- 
tivity (or pressure) of oxygen in equilibrium with 
cobaltous oxide at various points across the layer. 

The primed and double-primed quantities refer to 
the inner and outer surfaces of the growing CoO 
layer, respectively. 

The derivation of this equation involves no as- 
sumption about the form of the vacancy concentra- 
tion gradient across the growing oxide. It demands 
only that the vacancy concentrations at each inter- 
face are constant during growth and that the self- 
diffusion coefficient at a fixed temperature is propor- 
tional to a constant power of the oxygen pressure, 
i.e., it is independent of changes in the proportion 
of associated vacancies which may occur as the 
concentration of vacancies increases. That the diffu- 
sion coefficient of CoO is proportional to a constant 


Table Il. Comparison of Measured and Calculated Rate Constants 


(Po, = 1 Atm) 
Calcu- Differ- 
lated Calcu- Experi- ence 
Rate lated mental Between 
Constant Attack Attack Calcu- 
Equiva- Constants, Constants, lated and 
Tem- lent, G O2 Cm-? G O2 Cm-? Experi- 
pera- O2 Cm-1 Sec-1/2 Sec-1/2 mental, 
No. ture, °C Sec-1 x 10° x 10+ x 104 Pct 
C-2 1000 1.25 1.65 1.56 6 
C-5 1148 5.15 3.35 3.05 10 
C-25 1350 31.25 8.26 8.85 7 
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Fig. 3—The parabolic oxidation constant of cobalt as a function of 
oxygen pressure. The constant plotted is expressed in (mgm of 
oxygen per sq cm)* per hr. 


power of the oxygen pressure has already been 
shown by the authors to be approximately true.’ 

For the oxidation of cobalt the terms of Eq. 2 have 
the following values: 


ratio = 2 (within 1 pct), a. = 


the oxygen pressure at all points in the oxide, and 

c. = 0.086 gram-atoms of oxygen per cubic centi- 

meter of oxide calculated from a lattice density of 

6.45 g per cu cm from a lattice parameter of 4.2603A. 
Eq. 2 therefore reduces to 


K, = 0.396 fi D dlog Po, [3] 


where the oxygen pressure over the growing oxide 
is one integration limit and the dissociation pressure 
of the CoO to free cobalt metal” the other. Eq. 3 was 
integrated graphically by means of D vs log Po, plots 
calculated from an extrapolation of Fig. 7 of the 
authors’ previous paper.* This integration is not 
sensitive either to the accuracy of the extrapolation 
or to the dissociation pressure of CoO, because D 
falls rapidly to relatively small values as the oxygen 
pressure is decreased. 

The parabolic rate constant K, defined by Eq. 1 
and the above rational rate constant K, are related 
by the equation 


2M 
= [4] 


where M is the weight of one gram-atom of oxygen 
= 16, f is the weight fraction of oxygen in the grow- 
ing oxide layer = 0.2135, p is the density of the 
oxide layer 6.45 g per cu cm, and z is the valency of 
the oxygen = 2. 

Therefore 


= 4.68 [5] 


The calculated oxidation rate constants at an 
oxygen pressure of 1 atm are compared with the 
experimental constants in Table II. Agreement be- 
tween the calculated and experimental constants is 
within the experimental errors of both the diffusion 
and oxidation measurements. A simpler equation 
relating the oxidation rate constant and the diffusion 
coefficient is due to Mott and Gurney.” On the as- 
sumption that oxidation occurs only by diffusion of 
cations via a vacancy mechanism through the oxide 
layer and the vacancy gradient through the oxide is 
linear, it can be shown that for divalent cations 


= 3 D, (fo — Sm) | [6] 


where K is the parabolic rate constant defined by 
the equation dx/dt = K/zx, D, is’ the diffusion co- 
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efficient of vacancies, and f,,f,, is the defect fraction 
at the gas-oxide and metal-oxide interfaces, respec- 
tively. The diffusion coefficient of the cations (D) 
at the surface of the oxide is related to the vacancy 
diffusion coefficient by 


[7] 


If the vacancy concentration at the metal-oxide 
interface is small compared to that at the gas oxide 
interface, i.e., (f, —fm) =f,, Eq. 6 reduces to 


K = 3D. [8] 


In Table III the experimental parabolic attack 
constants are compared with the experimental diffu- 
sion coefficients at an oxygen pressure of 1 atm. 

The poor agreement of the experimental K/D ratio 
with the theoretical ratio of 3 suggests that the 
assumptions underlying Eq. 6 are incorrect. The 
most obvious weakness (from which the Wagner 
theory does not suffer) is the assumption of a linear 
vacancy gradient across the oxide layer. 

Distribution of Radio-Cobalt across a Growing 
Oxide Layer: The inadequacy of the Mott and Gur- 
ney relationship between the diffusion coefficient 
and the parabolic oxidation constant strongly sug- 
gests that the vacancy gradient across a growing 
CoO layer may not be linear as is usually supposed. 
A knowledge of the gradient is, however, important 
to any theory of metal oxidation. To date this prob- 
lem has been the subject of only three investigations. 


Bardeen, Brattain, and Shockley“ have developed 


the following expression (Eq. 9) giving the distribu- 
tion, in a growing oxide layer with univalent cations, 
of a tracer, which was present initially as an in- 
finitely thin layer on the surface of the metal to be 


oxidized: 
A 
= e [9] 


where A is a constant, Ci, is the concentration of 
tracer in the growing oxide layer, t is the oxidation 
time, and X is the thickness of the oxide layer at 
time t. 

The assumptions in their treatment were that 
1—Oxidation and diffusion occur only by motion of 
cations into vacant lattice sites. 2—The concentra- 
tion of vacant sites varies linearly between the 
limiting concentrations n,, and n, at the oxide-metal 
and oxide-gas interfaces, respectively. No account 
was taken of the possible association of vacant ca- 
tion sites and defect electrons or of any change of 
association with concentration. 

Bardeen et al. tested Eq. 9 by one experiment. 
They plated a thin layer of Cu” on one face of a 
copper block which was oxidized in air at 1000°C for 
18 min and at 500°C for 3 min. Four successive 
layers of oxide were then removed by etching with 
nitric acid, the thickness of each layer being deter- 
mined by reweighing the specimen. Each layer re- 
moved was analysed for Cu™ by precipitation of the 
copper as copper sulphide which was then spread on 
a filter paper and wrapped around a Geiger tube. 
They found that the fraction of Cu® in each layer 
agreed closely with the fractional area under equiv- 
alent sections of their predicted concentration- 
distance curve.* 


i i = t 0.77 
* Sample 1 in their Table III runs from Z = 0.87 to 1.00, no 
to 1.00 ba printed. Sample 2 correspondingly from 0,50 to 0.87. 


This problem has also been examined by Moore 
and Selikson.* These investigators plated on 
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Table IIl. Comparison of Self-Diffusion Coefficients for CoO and 
Parabolic Oxidation Rate Constants of Cobalt Metal in 1 Atm O, 


Experi- Experi- 
Tem- mental D, mental K, 
perature, Cm? Sec-1 Cm? Sec-1 
No. °C x 10° x 10° K/D 
C-2 1000 - 2:55 6.4 2.50 
C-5 1148 9.5 24.6 2.59 
C-25 1350 51 193 3.78 


copper blanks, which they then partially oxidized to 
Cu,0. After oxidation, they etched off thin layers 
of Cu.O from the active faces and analyzed each 
section. The resulting log concentration vs x’ plot 
was a straight line. Such a straight-line plot, if it is 
assumed that diffusion in Cu.O occurs via a vacancy 
mechanism, suggests that no vacancy gradient exists 
across a growing Cu.O film, and this appears to be 
unreasonable from present knowledge of metal oxi- 
dation. Earlier, Castellan and Moore” had measured 
the diffusion rate of copper in Cu.O, using a similar 
technique. The diffusion coefficients which they cal- 
culated from their results varied only slightly from 
layer to layer and generally decreased as the metal 
surface was approached. None of their six disks 
gave a linear log c vs x’ plot, though five gave curves 
which are slightly concave downward. 

In view of the differences between these results 
and because the grinding technique used here was 
considered to be more accurate than the previously 
used etching techniques, the distribution of Co” in 
growing layers of CoO was studied. Four experi- 
ments were made and the results are shown in Fig. 4. 
Although agreement between duplicate experiments 
was good, a stationary distribution was not reached 
even after 15.53 hr, when approximately 75 pct of 
the metal had been oxidized. Furthermore, the 
deviation from the distribution forecast by the Wag- 
ner equation increased with the length of the oxida- 
tion period. Throughout this work, there could have 
been no significant evaporation of the Co”, since 
activity was never detected in either the exit gases 
or on the inside of the furnace tube at the end of 
the investigation. 

The distribution of tracer in one of the 15.53 hr 
specimens is also shown as curve A in Fig. 5. The 
other curves show the distributions, which can be 
calculated for the same quantity of Co”, on the basis 


/ 
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Fig. 4—Distributions of Co” (initially a very thin layer on the 
cobalt blank) obtained in four specimens oxidized at 1150°C at 1 
atm O., compared with that calculated from Eq. 25 in Wagner's 
Addendum. Specimen C-24-A oxide 0.0658 cm thick; C-24-B, 
0.0675 cm; both after 15.53 hr; C-21-A, 0.0300 cm; C-21-B, 
0.0306 cm after 4.00 hr. Broken line represents Wagner equation. 
Concentration of tracer is Co at gas-oxide interface and thickness 
of oxide is X. 


FEBRUARY’ 1955, JOURNAL OF METALS—339 


06 = 
| | Se | 
OX 
SS | 
| 
0-2 o3 o€ Os 0-6 OF to 


| 


\ 
a No 
5 
3 


Oxide 
Interface 


ite 
aor O05 0.04 0.05 0.08 Q07 aos 209 


Distance em. 


Fig. 5—The distribution of Co” across the layer of cobalt oxide 
growing from the cobalt metal in oxygen at 1 atm pressure at 
1150°C. Curve A is experimental specimen C-24-A; curve B, 
from Eq. 25 in Wagner’s Addendum; curve C, Eq. 2, ref. 4, Dt, 
5.6x10-* sq cm; curve D, Eq. 2, ref. 4, Dt = 3.04x10™* sq cm. 


of various assumptions. Curve B was calculated di- 
rectly from the equation for the tracer distribution 
in a growing oxide with divalent cations, as devel- 
oped by Dr. C. Wagner in the Addendum to this 
paper. Curve C was calculated from Eq. 2 of the 
authors’ previous paper* (diffusion of an infinitely 
thin source into a semi-infinite cylinder) by assuming 
that all of the oxide was in equilibrium with 1 atm 
of oxygen at 1150°C (i.e., all the oxide had the same 
composition as at the gas-oxide interface) and the 
diffusion coefficient had the correspondingly con- 
stant value of 1.0x10° sq cm sec”. For curve D, 
again calculated from Eq. 2 ref. 4, the diffusion co- 
efficient was taken as constant and equal to 0.54x 
10° sq em sec”, this value being chosen, as it makes 
the surface concentration equal to that found exper- 
imentally (curve A). 

In Fig. 6 the same data are represented on a semi- 
log plot, which has the advantages of reducing the 
distributions with constant diffusion coefficients to 
straight lines and of expanding the curves near the 
metal-oxide interface. 

An examination of Figs. 5 and 6 reveal that: 1— 
The tracer diffused into the growing oxide much 
more slowly than simple theory demands. 2—The 
tracer diffuses much more slowly than into a uni- 
form oxide in equilibrium with the oxygen pressure 
obtaining at the gas-oxide interface. 3—The tracer 
distribution in the growing oxide agrees closely with 
that given by a constant diffusion coefficient for 
approximately two-thirds of the oxide thickness, 
and then falls towards zero at the oxide-metal inter- 
face. 4—Near the gas-oxide interface, the slope of 
the experimental log concentration vs x’ plot is 
about twice that for the distribution calculated by 
the Wagner equation and about twice that for an 
oxide in equilibrium with the gas phase. 

These results suggest that, contrary to the devel- 
opment of Wagner (see Addendum), the diffusion 
coefficient across the growing layer does not vary 
linearly with distance. A very short distance from 
the gas-oxide interface, the diffusion coefficient ap- 
pears to be about half that for an oxide in equilib- 
rium with the oxidizing atmosphere. The coefficient 
then remains constant for about two-thirds of the 
way across the oxide layer; and near the metal oxide 


interface, it falls towards the value in equilibrium 


with the metal, although this indeed may never be 
reached. The conclusion that, for most of the way 
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across the oxide layer the diffusion coefficient is 
approximately constant, is in general agreement 
with the results obtained with copper oxide by 
Moore and Selikson® and Castellan and Moore.” 

The vacancy concentration would be expected to 
be directly proportional to the diffusion coefficient. 
It thus seems that the concentration of vacancies 
at, or immediately beneath, the gas-oxide interface 
is always substantially less than the equilibrium 
value. This is a condition which could arise if, for 
example, the rate of adding oxygen atoms to the 
oxide at the gas-oxide interface were slow compared 
with the rate of diffusion of cobalt atoms in the 
body of the oxide. This, however, is not a satisfac- 
tory explanation, because the Wagner equation for 
oxidation (Eq. 3) given previously gives the correct 
rate when the integration of Eq. 3 is carried be- 
tween the two equilibrium limits for Po,. The rate 
constants, which can be calculated if the higher Po, 
limit is reduced to the value theoretically in equi- 
librium with oxide having a diffusion coefficient of 
0.54x10~ sq em sec” (corresponding to curve D and 
Po, 10°), are only about half those found experi- 
mentally. The authors are unable to explain why 
the Wagner equation should hold for the oxidation 
rate but not for the distribution of tracer in the 
growing layer. 

Measurements of Lattice Parameter: The results 
are shown in Table IV, and they all lie within 
+0.0005A (the expected experimental error) of the 
average. The oxygen pressure had no effect on the 
measured parameters in specimens quenched to be- 
low red heat in 15 sec. Since, as the authors have 
already shown,‘ the O:Co ratio changes from about 
1.002 to 1.008 at 1150°C when the oxygen pressure 
is increased from 0.005 to 1.0 atm, a change in lattice 
parameter is to be expected. By analogy with FeO, 
this should be about 0.0026A. 

It appears almost certain that the reason why no 
change could be detected in the quenched specimens 
is that the excess oxygen was precipitated as Co,0, 
on cooling. As Fig. 7 shows, a second phase, which 
may well be Co,O,, appears in quenched specimens 
of CoO produced at relatively high oxygen pressures. 


Concentration cpm 


§ 


Oxide Metal Interface 


Fig. 6—Log concentration ys (distance) plot of the curves shown in 
Fig. 5. 
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Fig. 7—Cobaltous oxide after prolonged heating at 1250°C 
in air and quenching. X450. Area reduced approximately 20 
pct for reproduction. 


This precipitation and subsequent straining of the 
lattice may also explain the slightly diffuse X-ray 
diffraction patterns obtained. The decomposition of 
CoO appears to be faster than FeO, and measure- 
ment of the change in lattice parameter therefore 
requires a high temperature X-ray camera. 

In support of this hypothesis, the CoO in contact 
with cobalt metal was always single phased. The 
concentration of the second phase, which first ap- 
peared in the oxide film approximately one-quarter 
of the distance from the metal to the gas interfaces, 
increased as the gas-oxide interface was approached. 

The lattice parameters listed in Table IV are 
slightly higher than those reported in the older lit- 
erature, but they are in excellent agreement with 
the value of 4.2596A recently reported by Cooper” 
for CoO prepared by decomposing cobaltous car- 
bonate under “oxygen-free” nitrogen at 500°C. 

The foregoing results in no way support the find- 
ings of Arkharov and Graevskei.’ These investiga- 
tors report lattice parameters from 4.2548 to 4.2508A 
at the air and metal interfaces, respectively, of a 
CoO layer formed on a thick cobalt blank in 4 hr 
at 1175°C and then cooled in still air. The large 
difference of 0.005 to 0.01A between their lattice 
parameters and those found during this investiga- 
tion is at least ten times the expected error. In 
addition, their results suggest a vacancy gradient 
from the metal to the gas interface, thus indicating 
oxygen diffusion during oxidation in complete dis- 
agreement with the findings of this work. The 
criticism can be made, however, that Arkharov and 
Graevskei, using a back-reflection technique, meas- 
ured only one line compared to the 13 lines meas- 
ured during this investigation. In addition, their 
film to specimen distance was only half that used 


here. 


Table IV. Lattice Parameter of Cobaltous Oxide Prepared at 1150°C 


Oxygen 
Pressure 
i Lattice 
ci- Durin 
Oxidation: Subsequent Para- 
No. Atm Treatment meter,* A 
- 0.0055 1150°C, Poz2 = 1.0, 18 hr 4.2601 
0.0055 1150°C, compacted with 4.2598 
cobalt filings, Ne, 64 hr 

5 0.00136 . none 4.2604 
5 0.00136 none 4.2601 
6 1.00 none 4.2604 
6 1.00 none 4.2604 
7 1.00 none 4.2606 
0. 1.00 none 4.2606 
8 0.006 none 4.2602 


* Average = 4.2603 + 0.0005A. 
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Conclusions 

The oxidation of cobalt metal occurs almost en- 
tirely, if not completely, by cation diffusion across 
the growing oxide film. 

At 1148°C, the oxidation rate of cobalt metal is 
proportional to the 0.29 power of the oxygen pres- 
sure. 

Close agreement between the measured and cal- 
culated oxidation rates of cobalt has shown that 
Wagner’s oxidation equation holds for cobalt metal. 

Measurements of the distribution of radio-cobalt 
in a growing layer of cobaltous oxide disagree with 
the distribution which can be calculated from the 
Wagner theory of oxidation. This therefore appears 
to be inadequate in certain respects. 

From the distribution measurements, it appears 
that the concentration of vacancies varies in a com- 
plex manner across a growing oxide layer. 

The lattice parameter of quenched cobaltous oxide 
(4.2603A) does not change with oxygen pressure 
obtaining at the high temperatures at which it is 
prepared because ot rapid precipitation of the ex- 
cess oxygen, probably as Co,O,, during cooling. 


Addendum 
by C. Wagner 


The distribution of a radioactive tracer in a grow- 
ing oxide layer on cobalt may be derived by modify- 
ing the equation derived by Bardeen, Brattain, and 
Shockley” for an oxide with univalent cations on 
the assumption of ideal behavior of cation vacan- 
cies and electron holes. This latter restriction, how- 
ever, may easily be avoided by using more general 
equations. For prevalent electronic conduction, the 
transport rate of metal ions per unit cross-section is 
given by” 

Ny d ln ay. 

A 
where D,* is the (local) self-diffusion coefficient of 
tne metal ions, c, tneir concentration in mol per cu 
cm, ay. the local activity of the metal Me, and x the 
distance from the metal-oxide interface. The equa- 
tion involves the assumption that migration takes 
place only via vacant or interstitial sites and that 
cations on regular lattice sites do not exchange their 
positions. 

It can be assumed that the self-diffusion coeffi- 
cient as a function of ay. is given by the empirical 
or theoretical relation 


Diy =D? as" [2] 


where m is a constant, the activity of pure metal a,. 
prevailing at the metal-oxide interface is taken as 
unity, and D,*® is the self-diffusion coefficient for 
Que = 1. Carter and Richardson* have indeed shown 
that for CoO the diffusion coefficient is proportional 
to (Po.)°* and hence virtually proportional to 
(hess) 

Substitution of Eq. 2 in Eq. 1, and integration, gives 


(0) 


ny 
A 1 


Since n,/A and c, are essentially constant if de- 
viations from the ideal stoichiometric ratio are 
small, Eq. 3 becomes 


ID), % () C1 


= Ane — i| 4 
A m | [4] 
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whence 
n,m 
Que" =1+ [5] 
FAVUD ATOR 


Substitution of Eq. 5 in Eq. 2 yields 


Ny mM x | [6] 


x =m DAS E 


Hence, if Eqs. 1 and 2 hold and electronic conduc- 
tion prevails, the self-diffusion coefficient D,* of the 
‘metal ions is a linear function of distance x regard- 
less of other more special assumptions. 

If 

Teal 


where X is the thickness of the oxide layer at a 
given time, Eq. 6 may be rewritten as 


where D,*‘’ is the self-diffusion: coefficient in the 
oxide layer next to the outer surface (x = X) and 


Letting x = X in Eq. 4, dividing through by xX, 
and using Eq. 2, the following is obtained 


hy Cy | | [10] 
A mx 


According to Bardeen, Brattain, and Shockley,” 
the drift velocity of V of the metal ions with respect 
to the anion sublattice is equal to the increase in 
thickness of the oxide layer per unit time. From Eq. 
10 it follows that 


1 
V= Da | [11] 


(1-a’) 


Upon integration of Eq. 11 with respect to time ft, 
it follows that 


1 
ip X* = —— D,*™ (l-a’)t [12] 
m 
whence 
iD) % m 
[13] 
2(1—a')t 


The rate of change of the concentration c of radio- 
active tracer with time t is, according to Bardeen, 
Brattain, and Shockley, Eq. 15. 


Ox ex 


Substitution of Eqs. 7, 8, and 11 in Eq. 14 yields 


( ) 
Oto 


z 


According to Eq. 18 of the paper by Bardeen, 
Brattain, and Shockley, the author lets 


[16] 
\/t 


whereupon, in view of Eqs. 7 and 12 


OF 
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which is Eq. 23 of the paper by Bardeen, Brattain, 
and Shockley. Substitution of Eqs. 17 and 13 in Eq. 
15 gives 

m d 
2(1—a’) dz 


dg 
{ (Lia a} 
dz m 


d 
+%(gtz )=0-—{18] 


dz 


Dividing through by %m/(1 — a’), Eq. 18 may be 
rewritten as 


d d paw 
dz m 


dz 
= 


which is equivalent to Eq. 27 of Bardeen, Brattain, 
and Shockley. 

Assuming that no radioactive tracer leaves the 
oxide layer and using the boundary conditions for- 
mulated by Bardeen, Brattain, and Shockley, inte- 
gration of Eq. 19 yields 


g=A { bm [20] 


g = A(ze*)”” [21] 
bE 
For convenience, the following may be substituted 


As [22] 
whereupon Eq. 21 becomes 
g= [z [23] 


In Eq. 23, the expression in brackets is unity for 
z= 1, ie., at the outer surface of the oxide layer. 
This normalization makes it easy to compare the 
calculated distribution function with experimental 
values. 

The equilibrium determining the concentration of 
cation vacancies in cobalt oxide may be formulated 
as 

(Com) 2Cora— [24] 


If the laws of ideal solutions applied, the concen- 
tration of cation vacancies and likewise the self- 
diffusion coefficient of cobalt would be inversely 
proportional to the third root of the activity of 
cobalt, m = 1/3. 

Actually, the laws of ideal solutions do not hold. 
According to the experimental results obtained by 
Carter and Richardson,‘ the self-diffusion coefficient 
of cobalt is proportional to the 0.3 power of the par- 
tial pressure of oxygen molecules, and, therefore, 
inversely proportional to the 0.6 power of the activ- 
ity of cobalt. Thus, the empirical value of m in Eq. 
2 is 0.6, whereupon Eq. 23 becomes 


g = [z [25] 
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Technical Note 


Ductility of Vacuum Heat-Treated Molybdenum Wires 


by W. E. Few and G. K. Manning 


ORK on the effect of vacuum heat treatment 

of 0.040 in. diam sintered and wrought mo- 
lybdenum wires has been sponsored by the Office of 
Naval Research at Battelle for the past several 
years. An electrical resistance furnace’ capable of 
maintaining a vacuum of less than 0.1 micron of 
mercury at temperatures as high as 4000°F was used 
for heat treating the wires. Early in the work, it was 
found that the introduction of a few microns pres- 
sure of oxygen into the furnace resulted in a rapid 
increase in the oxygen content of the wire specimens 
and the appearance of a discrete oxide phase. Subse- 
quent elimination of the oxygen atmosphere caused 
the disappearance of the oxide phase. This was used 
to determine the solid solubility of oxygen in molyb- 
denum over the temperature range of 2000° to 
3000°F.2 It was observed that, with the disappear- 
ance of the oxide phase, the wires regained some 
ductility. Single-phased wires possessed from 5 to as 
much as 40 pct elongation in 2 in. 

Later, attention became centered on determining 
the cause of this wide range in ductility. Wires con- 
taining less than 0.002 pct C, less than 0.0007 pct O, 
less than 0.0005 pct N, and less than 0.00003 pct H 
exhibited the erratic ductility noted above. These 
percentages represent approximately the limit of ac- 
curacy of presently available methods of analysis 
and thus it became apparent that chemical analysis 
would be of little help in the study. 


W. E. FEW and G. K. MANNING, Member AIME, are associated 
with Battelle Memorial Institute, Columbus, Ohio. 
TN 260E. Manuscript, Nov. 30, 1954. 
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Table |. Effect of Heating Rate and Time at 3800°F on 
Tensile Properties of Molybdenum Wire 


Experi- Heating Time at Pet Pet Tensile 
ment Time, 3800°F, Elongation Reduction Strength, 
No. Min Hr in 2 In. in Area 1000 Psi 
186 2 1/12 14 to 37 25 to 62 67 to 76 
126 2 1/6 38 to 44 62 to 70 80 to 81 
196 2 1/4 42 to 49 65 to 73 79 to 81 
165 2 39 to 49 49 to 76 75 to 78 
185 45 1/12 5 to 23 5 to 26 57 to 73 
172 45 5 to 10 7 to 16 63 to 70 
176 45 3 10 to 43 10 to 66 66 to 74 
201 45 6 26 to 39 35 to 67 71 to 75 
203 45 8 30 to 44 48 to 67 72 to 76 
203A* - ie 29 to 35 40 to 62 78 to 80 


* Several wires from experiment No. 203 were reheated to 3800°F 
in 45 min and held at temperature % hr. These are designated as 
experiment No. 203A. Note that recovery of ductility was perma- 
nent. 


A number of possible explanations for the wide 
range in ductility were suggested during the course 
of the work. It was first suspected that variations in 
the grain size of the recrystallized wire specimens 
might be responsible. Wire from several lots of 
material was available. One of these lots tended to 
develop very large grains when recrystallized, the 
others all developed an ASTM grain size of 3 to 4 
when heated above 2700°F. No correlation between 
grain size and ductility could be found. It was 
thought that back diffusion of oil from the diffusion 
pump might cause contamination of the wire, prin- 
cipally with carbon, but when wires were treated 
without cooling the cold trap in the pumping system, 
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Table Il. The Reversibility of the Heating Rate Effect 


1st 2nd 3rd 
Treat- Treat- Treat- 
ment* ment* ment* Pct 
Experi- Heating Heating Heating Elonga- Pet . Tensile 

ment Time, Time, Time, tion Reduction Strength, 
No. Min Min Min in 2 In in Area 1000 Psi 
166A 15 5 to 15 5 to 19 56 to 71 
166B 15 2 — 41 to 46 51 to 68 ade 
166C 15 2 15 1 to 12 6 to 12 46 to 69 
167 2 — — 42 to 60 60 to 99 43 to 72 
167A 2 45 — 2 to 15 3 to 15 24 to 49 
168 45 — — 9 to 26 20 to 50 42 to 47 
168A 45 Z — 22 to 39 30 to 39 51 to 72 
169 90 — _— 9 to 15 12 to 20 62 to 67 
169B 90 2 — 34 to 42 40 to 72 72 to 74 
170 180 — — 9 to 12 11 to17 65 to 69 
170B 180 2 — 39 to 47 41 to 61 71 to 72 


Table IV. Effect of Interrupting the Cooling of Wires 
Heated to 3800°F 


Time 
Tempera- Cooling 
Experi- ture of De- Pct Pet Tensile 
ment Interrup- layed, Elongation Reduction Strength, 
No. tion, °F Hr in 2 In. in Area 1000 Psi 
225* 3000 6 36 to 42 Bi LOd 80 to 81 
214* 3100 1 36 to 42 36 to 76 77 to 81 
215* 3100 5 39 to 44 71 to 76 77 to 81 
222* 3450 3 40 to 44 65 to 73 76 to 80 
223* 3450 7 39 to 46 57 to 74 78 to 80 
255** 3100 1 7 to 18 6 to 11 57 to 70 


* Heated to 3800°F in 2 min; held at 3800°F for % hr. 
** Heated to 3800°F in 45 min; held at 3800°F for % hr. 


* All specimens held at 3800°F 1 hr each time heated. 


thus permitting greater than usual back diffusion of 
pumping oil, it was found that the erratic ductility 
still persisted.* Other wires were treated in the 


* Failure to cool the diffusion pump trap did cause the formation 
of a thin carbide network in the wire, but even with this network 
some wire exhibited as much as 35 pct elongation in 2 in. 


presence of a few microns of hydrogen and nitrogen 
without appreciable effect. The presence of a few 
microns of oxygen pressure in the furnace, of course, 
caused the wires to become glass brittle, but oxygen 
pressure in the furnace did not seem to be a com- 
plete explanation, since wires treated at the same 
time showed the full range of ductility. It was 
hypothesized also that there might be a sharp transi- 
tion temperature for tensile tests and that this, by 
chance, was located at about room temperature. 
Wires were tested over a temperature range of 34° 
to 180°F. A sharp transition temperature was not 
observed and small chance variations in testing 
temperature did not seem to explain the variation in 
ductility. 

It was found, eventually, that heating rate had a 
pronounced influence on the ductility of the wire 
specimens. In the early experiments most of the 
samples were heated to 3800°F in about 15 min. It 
later developed that this approximated a sort of 
critical rate that frequently led to erratic results. 
Samples heated more rapidly were ductile; samples 
heated less rapidly were much less ductile unless 
held at 3800°F for several hours. Table I illustrates 
some of the data obtained. It is obvious that two 
factors influenced the elongation of the wire speci- 
mens, heating rate, and time at 3800°F. Specimens 
held at 3800°F for 6 hr or more exhibited more than 
25 pet elongation in 2 in. even though the initial 
heating rate had been slow. Presumably solid-state 
purification had occurred. Once the wires had been 
so “purified,” they remained ductile even though 


Table III. Effect of Rapidly Heating to Intermediate Temperature, 
Then Slowly Heating to 3800°F 


Inter- 

Experi- mediate* Pet Pet Tensile 

ment Tempera- Elongation Reduction Strength, 
No. ture, °F in 2 in. in Area 1000 Psi 
172 None 5 to 10 7 to 16 63 to 70 
190 2500 4to 13 5 to 14 53 to 73 
191 3000 9 to 26 9 to 27 70 to 76 
193 3250 10 to 28 17 to 28 74 to 78 
195 3450 36 to 43 45 to 68 79 to 81 
165 3800 36 to 49 49 to 76 75 to 78 


* Heated to intermediate temperature in 2 min, then heated to 
3800°F at a rate equivalent to the 45 min heat-up cycle. Held at 
3800°F 1 hr. 


slowly reheated. The effect was permanent and 
nonreversible. 

However, if the specimens were held at 3800°F for 
only 1 hr, then the ductility appeared to be de- 
pendent on the heating rate employed for the last 
treatment. The effect was reversible. This is illus- 
trated in Table II. 

Table III shows the effect of changing the heating 
rate during a single treatment. It appears that low 
ductility results from slowly heating the wire through 
the temperature range of about 3000° to 3300°F. 
This suggests a solubility inversion of the controlling 
impurity,t i.e., the existence of an eutectic tempera- 


+It is suspected that oxygen may be the controlling impurity 
simply because it is known that, percent for percent, oxygen has a 
more powerful effect on ductility than the other elements, carbon, 
Ne, and He, which can be removed from the wire at 3800°F. 


ture between 3000° and 3300°F. However, the pres- 
ence of an eutectic temperature does not explain 
why a slowly heated “embrittled” wire should be 
made ductile by a rapid reheat and so cannot be the 
basis of a complete hypothesis. A few tests were 
made in which the cooling cycle of the specimens 
was interrupted. These results are shown in Table 
IV. Interruption of the cooling for even extended 
times did not affect the ductility, but additional in- 
formation should be obtained particularly on slowly 
heated specimens. 

It has been suggested that, during slow heating, 
the vapor pressure or dissociation pressure of some 
“trace”? compound may be sufficient to rupture the 
metal. However, there is as yet no actual experi- 
mental evidence that, under the test conditions, a 
compound is formed with the vapor pressure or dis- 
sociation pressure sufficient to rupture the metal. It 
has been suggested also that a liquid phase may 
form above about 3200°F and that during slow heat- 
ing it migrates readily to the grain boundaries. But 
again this does not appear to be a complete explana- 
tion because it is not consistent with the ‘‘reversi- 
bility” that has been observed. 

No general hypothesis which explains the various 
behaviors illustrated by the data can be offered at 
present. The information is presented here largely 
in the hope that it may prompt others to bring forth 
additional information which will help in reaching 
a satisfactory explanation. 
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Vanadium-Zirconium Alloy System 


by J. T. Williams 


The equilibria in the V-Zr alloy system were investigated by solidus temperature deter- 
minations, thermal analysis, dilatometry, electrical resistance measurements, microscopic 
examination, and X-ray diffraction analysis. There is a eutectic reaction at 1230°C be- 
tween a compound, V»Zr, and a solid solution containing 10 pct V in @ zirconium. VoZr 
decomposes at 1300°C into liquid and a solid solution containing about 10 pct Zr in 
vanadium. The eutectic composition is probably about 30 pct V. A eutectoid reaction 
between V.Zr and a zirconium takes place at 777°C at a very high rate. The eutectoid 
composition is 5 wt pct V. The limit of solubility of zirconium in vanadium was estimated 
to be 5 pct at 600°C. No attempt was made to determine the liquidus for the system. 


HE recent availability of large quantities of 

high purity zirconium has stimulated the study 
of zirconium binary systems. The equilibrium dia- 
gram for the V-Zr system has received little atten- 
tion, however. Wallbaum’ appears to have made the 
first report concerning the equilibria in these alloys. 
He reported the existence of a compound, V.Zr, 
having the MgZn, (C14) type of structure with 
a, = 5.277 kX and c, = 8.647 kX. Anderson, Hayes, 
Roberson, and Kroll’ made a survey of some poten- 
tially useful zirconium binary alloys and found that 
zirconium probably dissolves a small amount of 
vanadium. They reported the probable existence 
of a compound between the two elements and sug- 
gested that the zirconium-rich solid. solution under- 
goes a eutectic reaction with this compound. Pfeil,’ 
in a critical review of the existing information, es- 
timated that the solubility of vanadium in zirco- 
nium is less than 4.7 pct and probably less than 1.8 
pet. Rostoker and Yamamoto* proposed a partial 
diagram for the V-Zr system in a survey paper on 
vanadium binary alloys. Their diagram indicates 
the compound, V.Zr, a eutectic reaction at 1360°C, 
a peritectic reaction at 1740°C, and a limit of solu- 
bility of zirconium in vanadium of about 3 pct. 
They obtained no information on the equilibria in 
the zirconium-rich alloys. 

In view of the potential utility of the V-Zr alloys 
and the incomplete knowledge concerning the equi- 
libria in the system, an attempt was made to estab- 
lish the constitutional diagram. 


Preparation of the Alloys 

Raw Materials: The vanadium for making up these 
alloys came from the Electro Metallurgical Corp. 
Zirconium came from two sources. In the beginning of 
the investigation, sponge zirconium from the Bureau 
of Mines was used in making some of the alloys. 
Later, iodide metal made at the Westinghouse Atomic 
Power Development Laboratories became available. 
This material was used in the preparation of all the 
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Discussion of this paper, TP 3897E, may be sent, 2 copies, to 
_ AIME by Apr. 1, 1955. Manuscript, July 15, 1954. Chicago Meet- 
ing, February 1955. 


TRANSACTIONS AIME 


Table |. Typical Analysis of Vanadium from the Electro 
Metallurgical Corp. 


Element Amount Present, Wt Pct 
Carbon 0.19 

Hydrogen 0.0014 

Nitrogen 0.095 

Oxygen 0.036 

Other 0.10 


dilatometric and resistance specimens and about 
two-thirds of the solidus temperature specimens. 

A typical manufacturer’s analysis of the vanadium 
is shown in Table I. No other analysis of the vana- 
dium was made. The metal contained a dispersed 
second phase and did not have a sharp melting point. 

Typical results of spectrographie analysis of the 
Westinghouse zirconium are shown in Table II. These 
data indicate a very high purity. The Bureau of 
Mines sponge metal was probably less pure but had 
good ductility. 

Melting: All of the alloys used in the investigation 
were made by melting pieces of vanadium and zir- 
conium together in a de electric are furnace similar 
to those of Geach and Summers-Smith,’ Craighead, 
Simmons, and Eastwood,’ and others. Melting was 
done in an atmosphere of helium scavenged of resid- 
ual air by the preliminary melting of a separate 
charge of zirconium. Each ingot was turned over 
and melted at least three more times before removal 
from the furnace to aid in the attainment of homo- 
geneity. 

Alloys prepared for use in the investigation are 
listed with the results of solidus determinations in 
Table III with the exception of the following com- 
positions upon which no solidus determinations were 
made: 0.29, 0.54, 4.57, and 5.55 pct V. 

Analysis: The weight of each ingot made from 
iodide zirconium was within 0.1 g of the total weight 
of the initial charge, about 90 g. Since each com- 
ponent of each charge was weighed to the nearest 
20 mg for amounts less than 10 g and to the nearest 
0.1 g otherwise, the gross composition of an ingot 
could be calculated accurately. Chemical analysis 
for the vanadium content of several alloys agreed 
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Table. Il. Typical Analysis of lodide Zirconium 


Element Amount Present, Wt Pct 
Aluminum <0.003 
Calcium <0.001 
Chromium <0.003 
Copper 0.005 
Hafnium <0.05 
Iron <0.02 
Magnesium <0.001 
Nickel 0.002 
Silicon <0.014 
Titanium <0.002 


well with the calculated composition. The result of 
chemical analysis has been used to specify composi- 
tion when available; calculated compositions were 
considered to be reliable enough in other cases. 

Fabrication: Pieces of alloys amenable to fabrica- 
tion were placed in steel jackets, the jackets were 
welded shut, and the assemblies were either swaged 
or rolled at about 850°C. The jackets were then 
stripped off the alloys. Rods % in. in diameter could 
be cold swaged to wires. Alloys containing from 10 
to 90 pct V could not be fabricated satisfactorily. 

Qualitative spectrographic analysis of nine wires 
prepared in this way showed no contamination by 
copper, tungsten, or iron. It was assumed that fabri- 
cation of the alloys introduced no significant amounts 
of impurities. 


Apparatus and Procedure 
Solidus Temperature Determinations: The method 
of Pirani and Alterthum’ was used for determining 
the temperature of the solidus for a given composi- 
tion. Specimens were cut from the ingots and heated 
in an apparatus similar to that described by Wilhelm, 
Carlson, and Lunt*® by passing a large electric cur- 


A 


| 


Fig. 1—Cross-section of melting point furnace. A is pyrex sight 
glass; B, rubber “O” ring; C, double-walled water-cooled steel fur- 
nace shell; D, lead to yccuum system; E, copper cylindrical elec- 
trodes; F, steel bolt, screwed into lower of clamps H; G, specimen; 
H, copper clamps; /, linen-base bakelite insulating rings; J, rubber 
gasket; K, steel compression nut; and L, copper tubing for water 
cooling of electrodes. 
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Fig. 2—Clamps and method of mounting specimen in melting point 
furnace. E is electrode; F, 3% in. Allen screw; G, specimen; H, lower 
specimen clamp; M, hole drilled and tapped for 3% in. Allen screw; 
N, hole drilled and recessed for 3% in. Allen screw; and O, hole 
drilled and tapped for 1% in. bolt. 


rent (about 1000 amp) through them. Fig. 1 shows 
a cross-sectional view of the furnace, and Fig. 2 
shows the shape of specimens and method of mount- 
ing them. The cylindrical furnace shell, C, and elec- 
trodes, E, are water cooled. Clamps, H, between 
which the specimen is held, are cooled by conduc- 
tion to the electrodes. A double-walled, water-cooled 
steel door bearing a rubber gasket which fits the 
edge of the furnace shell closes one end of the fur- 
nace. The other end is connected to a high speed 
vacuum system which maintains the furnace pres- 
sure at or below 10° mm Hg. 

The depth-to-diameter ratio of the holes drilled 
in these samples was four or greater. Measurements 
of the melting point of zirconium had shown no 
significant variation with the ratio down to values 
this low. It was assumed that four was a large 
enough figure to ensure a good approximation to 
black-body conditions. ~ 

Specimen temperatures were increased from 2° to 
5° every 15 min in the neighborhood of the solidus. 
To check the effect of the heating rate, the specimens 
listed in Table IV were heated for 40 hr at about 
1290°C before the determination was made. The 
heating was done with the specimens resting on a 
tantalum boat in a mullite tube evacuated to 5x107 
mm Hg. The solidus temperatures for specially 
treated specimens were the same as those for speci- 


Table III. Solidus Temperatures of V-Zr Alloys 


Composition, Solidus T 
Wt Pet V 
1860 
1770 
1705} 
3.00 1670 
3.80 1575 
5.36 1505 
6* 1465 
6.5* 1430 
1405 
1235 
15* 1230 
20* 1240; 
30* 1225+ 
40* 1235+ 
45.50 1235 
49.66 1255+ 
51.68 1290 
53.02 1295 
54.10 1275 
57.00 1235+ 
60* 1280 
65* 1290 
65.52 1325+ 
1305 
77.16 1300+ 
85* 13600 
89.05 1360; 
94.33 1675+ 
95* 1640 
96.54 1685 
98* 1775+ 
98.78 1805+ 
100 1860 


* Calculated composition. 
y+ Only results on alloys made from Bureau of Mines zirconium 
available. 
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Table !V. Solidus Temperatures of Some Specially Homogenized 


V-Zr Alloys 
53.02 1305 
1290 to 1310 
85* 1330 


* Calculated composition. 


mens of the same compositions run in the ordinary 
way. 

Pyrometer readings were corrected for absorption 
in the furnace sight glass either by calculations 
based upon Wien’s law and the percentage of trans- 
mission of the glass or by sighting the pyrometer 
through the glass at a standard lamp, the current 
through which was varied to produce the brightness 
match. In the latter case, corrected solidus tempera- 
tures were derived from the calibration curve of 
lamp current vs temperature. The two methods gave 
results that agreed to within +10°C. 

Dilatometry: An apparatus designed by Dooley 
and Atkins* was used to measure changes in length 
in rods cut from ingots. The sensitive element in 
this dilatometer is a linear differential transformer, 
the core of which is mechanically linked to the speci- 
men by a fused silica rod. Change of length of speci- 
men is plotted against temperature automatically on 
a Minneapolis-Honeywell “Function Plotter” by put- 
ting the amplified rectified output of the transformer 
into the chart drive circuit and the output of a 
thermocouple in contact with the specimen into the 
pen drive circuit of the instrument. A pressure of 
about 107° mm Hg can be maintained in the specimen 
enclosure. 

Electrical Resistance Measurements: A potentio- 
metric method was used to measure the electrical 
resistance of wires from these alloys. A diagram of 
the electrical circuit is shown in Fig. 3. Each of the 
pieces of tantalum rod, T, was fastened to the speci- 
men, X, by inserting one end of the specimen into a 
hole drilled into one end of the rod and swaging the 
assembly. Two chromel wires and one alumel wire 
were welded together at one end and inserted into 
a hole in the other end of one of the rods, T. The 
tantalum was then squeezed tightly against the bead. 
Two other chromel wires were fastened in a hole 
in the other rod in similar fashion. The alumel wire, 
N, and the chromel wire, P’, formed a thermocouple 
for measurement of the specimen temperature. Chro- 
mel wires P and P’ were the leads to the potentio- 
meter on which the voltage drop across the specimen 
was measured and chromel wires C and C’ conducted 
the current to and from the specimen. 

Specimens were heated in a fused silica tube at a 
pressure of 10 mm Hg or less. Lead wires N, P, P’, 
C, and C’ were brought out of an extension of the 
silica furnace tube through wax seals. Measurements 
were made only after the specimen had been at a 
given temperature for 1 hr or longer, except that 
waiting -periods at 900°C or above were shorter to 
minimize possible reaction between the silica and 
the wire. The current through the specimen was 
adjusted to 50.00 ma before each measurement by 
changing the resistances R, and R, in the battery cir- 
cuit until the potential drop across the 0.1 ohm 
standard resistance, R,, was 5.000 mv. 

Quenching Method: Specimens to be quenched 
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were sealed in evacuated, fused silica capsules. The 
capsules were heated for the desired length of time 
at the chosen temperature, and the specimens were 
quenched by crushing the capsule in a mixture of 
dry ice and trichloroethylene. Heating times were 25 
hr at 1150°C, 46 hr at 1100°C, 89 hr at 1000°C, 385 
hr at 800°C, and 455 hr at 600°C. 

Pieces of ingots which could not be fabricated 
were given a preliminary heating before sealing into 
capsules. Those containing 50 pct V or less were 
heated for 30 hr at about 1220°C on a tantalum boat 
in a mullite tube at a pressure below 10° mm Hg; 
the others were heated for 40 hr at about 1290°C in 
the same way. 

X-ray Diffraction Methods: Pieces of alloys con- 
taining from 30 to 70 pct V were readily crushed to 
powder in a Plattner mortar. A fine silica fiber coated 
with a hydrocarbon grease was rolled in the powder 
to produce the specimen proper. This was exposed 
to copper radiation filtered by nickel foil in an 11.459 
cm Debye-Scherrer-type camera with Straumanis 
film mounting. 


Results and Discussion 

The Equilibrium Diagram: The information gained 
from this investigation is summarized by the equi- 
librium diagram for the V-Zr system shown in Fig. 
4. The results of solidus temperature determinations 
have been plotted on the diagram. Dilatometry and 
measurement of electrical resistance changes were 
relied upon to establish the eutectoid horizontal and 
the lower boundary of the 8 region. The results of 
electrical resistance measurements have been plotted 
in Fig. 4. Microscopic examination of quenched 
alloys fixed the composition of the intermetallic 
compound and X-ray diffraction analysis of alloy 
powders showed no evidence of a transformation. 

The Solidus: The complete solidus is composed of 
two steeply sloping portions that descend, respec- 
tively, to a eutectic and a peritectic horizontal in the 
central portion of the diagram. These horizontal 
portions show an offset at about 53 pct V. The results 
of the solidus temperature determinations plotted in 
Fig. 4 are given in Table III. 

Several precautions were taken to guard against 
errors which might have occurred in these deter- 
minations, particularly in the determination of the 
temperature of the peritectic reaction. Two pyrom- 
eters calibrated against a Bureau of Standards 


Fig. 3—Electrical 
circuit for measure- 
ment of resistance 
of wire. B is storage 
battery; C and C’, 
chromel current 
leads; M, 0 to 100 
milliammeter; 
N, alumel wire; P 
and P’, chromel po- 
tential leads; R,, 
coarse current con- 
trol, 0 to 10 ohm; 
R,, fine current 
control, 0 to 5 ohm; 
R,, 0 to 500 ohm; 
R,, 0.1 ohm stand- 
ard resistance, T, 
3% in. lengths of 

in. diam Ta. rod; 
and X, specimen. 
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Fig. 4—The equilibrium diagram for the V-Zr system. Open circles 
are solidus determinations; closed circles, electrical resistance 
changes; and X, two-phase microstructure. 


certified lamp were used throughout the work and 
the empirical method of correcting pyrometer read- 
ings was employed as a safeguard against calibra- 
tion shifts. Temperature gradients in the region of 
the hole upon which the pyrometer was sighted were 
never found to be more than 35°C and were usually 
about 20°. They would have made observed values 
slightly low. Repeated observations of the melting 
point of pure zirconium showed that these sources 
gave rise to small errors at the most. No value for 
this melting point differed from 1860°C by more 
than 10°. 

To ensure that the liquid first observed in the 
vanadium-rich alloys was produced by the peritectic 
reaction rather than the eutectic reaction, a slow 
heating rate was employed. The rate used was slow 
enough so that the eutectic mixture of phases in 


Fig. 5—Area adjacent to hole in melting 
point specimen of 53.02 pct V alloy. Etched 
with HF. X120. Area reduced approximately 
10 pct for reproduction. 
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Fig. 6—Eutectic structure of 30 pct V ingot. 
Etched with HF. X1200. Area reduced ap- 
proximately 10 pct for reproduction. 


Table Y. Transformation Ranges in Some Y-Zr Alloys 
from Dilatometric Curves 


Composition, Temperature Range 
Wt Pct V of Transformation, °C 
0.29 812 to 871 
0.54 785 to 841 
1.03 761 to 849 
1.97 788 to 824 
3.00 783 to 815 
3.80 785 to 810 
4.57 790 to 808 
5.36 778 to 800 
5.55 795 to 824 
6* 807 to 834 
6.5* 785 to 839 
7.02 783 to 849 


* Calculated composition. 


these alloys reacted to give y and 8 before melting 
occurred, as Fig. 5 shows. This is a picture of the 
area adjacent to the hole in a melting point speci- 
men of the 53.02 pct V alloy. Melting had not taken 
place in this region, but there is no evidence of the 
eutectic mixture of phases. 

As an added precaution in determining the peri- 
tectic temperature, the four specimens listed in 
Table IV were heated as described previously for 40 
hr at about 1290°C before the determination was 
made. The results obtained on the specially homog- 
enized specimens were the same as those for speci- 
mens of the same composition run in the usual 
fashion. 

The horizontal in the solidus at 1230°C obviously 
represents a eutectic reaction. The eutectic struc- 
ture is shown in Fig. 6, a micrograph of a 30 pct V 
ingot. The figure indicates that the eutectic com- 
position must be near 30 pct V. That the other hori- 
zontal at 1300°C represents a peritectic reaction is 
shown by the micrograph of a 53.02 pct V alloy, Fig. 
7. The area shown here is that portion of a specimen 
heated to melting in a solidus temperature deter- 
mination. The white layer of V.Zr surrounding the 
gray 6 phase is clearly defined. Black areas are un- 
resolved eutectic. 

The Eutectoid: Preliminary thermal analysis of 
several alloys containing from 1 to 40 pct V indi- 
cated the existence of a transformation in the tem- 
perature range from 770° to 850°C. Dilatometric 


Fig. 7—Peritectic structure in 


partially 
melted zone of 53.02 pct V alloy melting 
point specimen. Etched with HF. X1200. 
Area reduced approximately 10 pct for re- 


production. 
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Fig. 8—Dilatometric curves for some V-Zr alloys. 


curves for some of these alloys confirmed the ex- 
istence of this transformation. A sharp decrease in 
length, interpreted as marking the occurrence of the 
eutectoid reaction, was observed at about 775°C in 
each case. The length began to increase again at a 
temperature which varied with composition and, 
presumably, corresponded to the entrance into the 
one-phase 8 field. Some typical dilatometric curves 
are shown in Fig. 8. The temperature range over 
which the dilatometric heating curve showed a de- 
creasing length is given in Table V for each of 12 
alloys. The heating curves were chosen because they 
appeared to be less dependent upon the rate of tem- 
perature change than the cooling curves were. 
Plots of electrical resistance vs temperature were 
similar to the dilatometric curves, except that the 
electrical resistance data were a better representa- 
tion of equilibrium conditions in the alloys than the 
dilatometric results. Points for heating and cooling 
cycles fell on the same curve for the resistance 
measurements, but they did not on the dilatometric 
curves. Typical examples of the resistance vs tem- 
perature curves are shown in Fig. 9. The tempera- 
ture range over which the resistance decreased is 
listed for 10 alloys in Table VI. The common value 
of 777+5°C for the lower temperature of this range 
was taken as the eutectoid temperature. The higher 
temperature listed in Table VI for the transforma- 
tion range for a particular composition was taken to 


Table VI. Transformation Ranges in Some V-Zr Alloys 
from Electrical Resistance Changes 


Composition, Temperature Range 


WtPctV of Transformation, °C 
0.29 802 to 900 
0.54 790 to 890 
1.03 775 to 865 
1.97 777 to 845 
3.00 177 to 852 
3.80 772 to 830 
4.57 777 to 822 
5.36 780 to 822 
5.55 780 to 830 
7.02 782 to 835 
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be the lower boundary of the £ region for that com- 
position. The interpretation seems reasonable, since 
both dilatometric and resistance curves gave roughly 
the same indications. 

It should be noted that three of the ten resistance 
curves do not fit the foregoing interpretation well. 
The upper temperature of transformation given for 
the 7.02 pct V alloy in Table VI is much too low to 
be the boundary between the 6 and 8+y regions, 
but even up to 1140°C this alloy showed no other 
resistance anomalies. On the other hand, the upper 
temperature of transformation for both the 0.29 and 
0.54 pct V alloys is too high. It was above 862°C, 
the temperature of the transformation in zirconium, 
in both cases. The behavior of the 7.02 pct V alloy 
was expected, since the boundary between the 6 and 
8+y regions is so steep as to make its detection by 
these methods doubtful, but the behavior of the 
other two alloys was somewhat disturbing. It may 
indicate contamination of the alloys, perhaps by 
oxygen. 

The rate at which the eutectoid transformation 
takes place was found to be very high. Large changes 
in electrical resistance were observed at cooling 
rates of more than 200°C per min, and X-ray dif- 
fraction patterns from alloys quenched from tem- 
peratures above the eutectoid invariably showed the 
presence of the a phase but almost no £. 

The y Phase: The form of the solidus implies the 
existence of an intermediate phase with a composi- 
tion near 50 pct V. Figs. 10 through 13 serve to fix 
the composition limits of this phase more closely. 
The 51.68 pct V alloy shown in Fig. 11 and the 53.02 
pet V alloy shown in Fig. 12 are very nearly single 
phase. The 49.66 pct V alloy shown in Fig. 10 and 
the 54.10 pct V alloy shown in Fig. 13 contain larger 
amounts of a second phase. The structure of the 
primary constituent in the latter alloys could not 
be clearly revealed with the etchants used. It is 
clear from these pictures that the intermediate phase 
must have very nearly the stoichiometric composi- 
tion for V.Zr, 52.8 pct V. 
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Fig. 9—Electrical resistance ys temperature curves for some 
V-Zr alloys. R is specimen resistance and A, arbitrary constant. 
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quenched from 1100°C. Etched with HF. 
X190. Area reduced approximately 25 pct 
for reproduction. 


X-ray diffraction results support the conclusions 
drawn from the microstructures of these alloys and, 
in addition, indicate that there is no transformation 
in the intermediate phase. The pattern from the 
49.66 pct V alloy quenched from 1100°C was identi- 
cal to that for the same alloy quenched from 600°C. 
Both showed very weak lines due to the a phase. 
The patterns from the 54.10 pct V alloy quenched 
from 1100°C and from 600°C were identical. They 
contained very weak 6 phase lines. With the ex- 
ception of the a and 6 phase lines, all four of these 
patterns appeared to be the same. 

X-ray diffraction patterns from powders made by 
crushing the lump of the 53.02 pct V alloy quenched 
from 1100°C were not successfully indexed. The 
patterns were not particularly good, showing a high 
background intensity and lacking resolution in the 
back-reflection region, but lines were visible which 
did not seem to be reasonably accounted for by the 
terminal solid solutions or by the structure assigned 
to V.Zr by Wallbaum. 

The 5 Region: The limit of solubility of zirconium 
in vanadium indicated by microscopic examination 
of quenched specimens was not completely certain 
because of the presence of foreign inclusive matter 
in the alloys. The best estimate which could be 
made from the evidence obtained was that vanadium 
dissolves about 5 pct Zr at 600°C. 


Summary 

Four solid phases occur in the V-Zr alloy system. 
These are a zirconium, a solid solution of vanadium 
in £8 zirconium, a solid solution of zirconium in 
vanadium, and the intermetallic compound V.Zr. 

The compound and the £ solid solution take part 
in a eutectic reaction at 1230°C. The eutectic com- 
position is estimated to be 30 pct V. Decomposition 
of V.Zr into liquid and the vanadium-rich solid so- 
lution takes place at 1300°C. 


ay 
Fig. 13—Micro- 
structure of 54.10 
pet V alloy 
quenched from 
1100°C. Etched 
“with HF. X180. 
; Area reduced ap- 
proximately 25 pct 
for reproduction. 
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11—Microstructure of 51.68 pct V 
alloy quenched from 1100°C. Etched with 
10 g (NH,)HF2 to 5 ce glacial acetic acid 
+ 50 cc water. X680. Area reduced ap- 
proximately 25 pct for reproduction. 


Fig. 12—Microstructure of 53.02 pct V al- 
loy quenched from 1100°C. Etched with 10 
g (NH,)HF2 to 5 cc glacial acetic acid + 
50 cc water. X680. Area reduced approxi- 
mately 25 pct for reproduction. 


There is a eutectoid reaction between a zirconium 
and V.Zr at 777°C. The eutectoid composition is 5 
petiVs 

The evidence obtained concerning the limits of the 
vanadium-rich solid solution is not as good as was 
desired. This limit is estimated to be 5 pct Zr at 
600°C. 

The temperatures assigned to the eutectic and 
peritectic horizontals differ considerably from those 
given by Rostoker and Yamamoto‘ although the 
composition of the intermetallic compound is the 
same. The estimate for the solubility limit of zir- 
conium in vanadium given here is somewhat higher 
than that proposed by Rostoker and Yamamoto. 
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Gallium-Antimony System 


by |. G. Greenfield and R. L. Smith 


The binary system Ga-Sb has been investigated by thermal, X-ray, and metallo- 
graphic methods. The intermetallic compound GaSb melts at 705.9°C and forms a 
eutectic with antimony at 11.8 atomic pct Ga. This eutectic melts at 589.8°C. A 
eutectic appears to be formed at 29.8°C but is too close to the composition of pure 


gallium to be detected. 


Le the course of an investigation of the semicon- 
ducting properties of the intermetallic compound, 
GaSb, the phase equilibrium between gallium and 
antimony has been investigated. Recently, the phase 
diagram of similar systems, such as In-Sb,’ In-As,’ 
and Bi-As* have been determined. These diagrams 
have the same general appearance in that an inter- 
metallic compound is formed at 50 atomic pct and a 
eutectic is formed on both sides of the intermetallic 
compound. Jenny,* who has been investigating the 
semiconducting properties of intermetallic com- 
pounds, has concluded from thermal data of several 
alloys that the phase diagram of the Ga-Sb system 
resembles those mentioned previously. This paper 
represents a more detailed study of the Ga-Sb equi- 
librium. 
Experimental Procedure 

The gallium that was used to prepare the alloys 
was obtained from A. D. Mackay Inc. and the Alu- 
minum Co. of America; the latter reported the 
purity as 99.95 pct. The antimony was obtained 
from Bradley Mining Corp. who specified a purity 
of 99.997 pct. Since the intermetallic compound of 
GaSb was prepared primarily to be used for further 
studies of the semiconducting properties, additional 
purification by a standard zone-melting technique 
under an atmosphere of hydrogen was performed. 
Hall-effect measurements on this material indicated 
an impurity content of less than 3 ppm.’ The anti- 
mony also was purified by zone melting and used in 
conjunction with the compound GaSb to make the 
necessary alloys for the determinations of the anti- 
mony-rich side of the phase diagram. 

The antimony-rich alloys were chill cast in Vycor 
tubes which were evacuated to a pressure of less 
than one micron. Since these alloys expand on freez- 
ing, precautions were taken to prevent oxidation of 
the ingot in the event the tube fractured. To insure 
homogeneity, the brittle alloys were ground and 
then placed in the furnace for the thermal-arrest 
determinations. 
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Philadelphia. 
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This paper is based on a thesis by I. G. Greenfield, submitted, in 
~ partial fulfillment of the requirements for the degree of Master of 
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Fig. 1—Furnace for thermal analysis. 


Since the cost of gallium is high, the experimental 
procedure was complicated somewhat because of the 
necessarily limited sizes of the melts. In order to 
economize, the gallium-rich side of the diagram was 
determined by using a 35 g ingot of pure gallium 
initially and adding increasing amounts of antimony 
in order to obtain additional alloys. 

The furnace used in the determination of the cool- 
ing curves is illustrated in Fig. 1. A 2% in. quartz 
tube, sealed at one end, was fitted with a brass flange 
which was attached with DeKhotinsky cement. The 
brass collar was water cooled to prevent the cement 
from softening. An “O” ring was used to provide a 
seal between the brass collar and the furnace cover. 
Nichrome ribbon was wound around a 2% in. asbes- 
tos-covered copper core which was used to reduce 
the thermal gradient in the furnace. The insulation 
consisted of alternate layers of asbestos and alumi- 
num foil surrounded by sil-o-cel refractory and 
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Fig. 2—Ga-Sb phase diagram. 


encased in a 6 in. brass cylinder. This cylinder was 
cooled by water circulated through the attached 
copper coil. Since it was necessary to obtain tem- 
peratures below and in the vicinity of room temper- 
ature, special consideration had to be given to the 
design of the furnace. The present design allowed 
a controlled cooling rate to be used from 800° to 
0°C. The extension of the cooling curves to lower 
temperatures was accomplished by effectively low- 
ering the ambient conditions of the furnace by 
means of dry ice placed around the brass cylinder 
walls. For this reason, the furnace insulation had to 
be kept at a minimum. The brass cylinder walls 
were cooled by water at the higher temperatures. 

All thermal-arrest determinations were made un- 
der an atmosphere of argon which was introduced 
into the furnace from the top. The gas was allowed 
to escape through a Vycor tube which extended 
from the top of the furnace to a point below the 
crucible. 

A calibrated iron-constantan thermocouple in a 
Vycor protection tube extended into the graphite 
crucible. Stirring was accomplished by a Vycor 
stirring rod which vibrated vertically and gave a 
more effective mixing than a rotating motion. The 
shaft of the stirring rod was 7 mm Vycor tubing 
through which powdered material could be intro- 
duced for the purpose of seeding the melt in order 
to prevent undercooling. 

A Celect-Ray photoelectric controller was used on 
which the temperature control knob was removed 
and replaced by a geared programming device that 
enabled a decrease or increase in temperature at 
rates of 1/20° to 10°C per min. The control thermo- 
couple to the Celect-Ray was placed adjacent to the 
heating coil of the furnace. 

The temperature of the melt was recorded by two 
instruments; 1—a Rubicon Portable Precision poten- 
tiometer, and 2—a Minneapolis-Honeywell recording 
potentiometer. Both instruments could be read to 


Fig. 3—Antimony- 
rich eutectic. X100. 
Area reduced ap- 
proximately 35 pct 
for reproduction. 
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0.01 mv. The recording potentiometer had a range 
from 0 to 10 mv; however, by an external circuit, 
the zero point could be placed at any desired poten- 
tial. The Rubicon potentiometer which was con-. 
nected directly into the circuit was used to calibrate 
the recording potentiometer periodically. 

The iron-constantan thermocouple was calibrated 
directly in the furnace against the secondary stand- 
ards, antimony, aluminum, zinc, and tin. 


Metallography 

On the antimony-rich side of the phase diagram 
both the compound, GaSb, and antimony are ex- 
tremely brittle; therefore, the preparation of the 
metallographic specimens required special tech- 
niques. No etching was needed with these alloys, 
since the structure appeared during the polishing 
operation. However, several etches (Vilella’s etch, 
aqua regia) were used in an effort to detect other 
microscopical differences that may not have been 
revealed by polishing. The only effect was an etch- 
ing of the constituents present without any deline- 
ation of other structural features. : 

Since the eutectic on the gallium-rich side has a 
melting point in the vicinity of room temperature, 
the polishing of these specimens had to be conducted 
under refrigerated conditions. While photographing 
these alloys, a continuous blast of cold dry nitrogen 
was concentrated on the surface of the specimen to 
prevent melting and condensation of water droplets. 

Several X-ray diffraction patterns were made to 
determine if solid solubility of gallium in antimony 
existed. Since no change in lattice parameter was 
detected, the solubility of gallium in antimony, if it 
exists at all, could not be determined with this 
method. 

Results 

A cooling rate of 1°C per min was used for the 
majority of the alloys, but in several instances a rate 
as slow as 1/20°C per min was used. Undercooling 
was a problein in the eutectic freezing for the gal- 
lum-rich portion of the phase diagram but was 
almost entirely eliminated by seeding the material 
with crystallites of pure gallium. 

The phase diagram obtained from the cooling 
curves is illustrated in Fig. 2. 

The melting point of the intermetallic compound 
GaSb was found to be 705.9+1.0°C. Welker® reports 
that Koster has.observed a melting point of 702°C. 
The eutectic composition of the antimony-rich alloy 
is 11.8 atomic pct Ga and the eutectic temperature 
is 589.8+0.5°C. Micrographs show the eutectic as 
a fine structure of both GaSb and antimony in a 
“Chinese-script” configuration (Fig. 3). 

The 5 and 10 atomic pct Ga alloys contain primary 
antimony grains which appear white against the 
eutectic matrix (see Fig. 4). The hypereutectic 


alloys contain dark crystals of the intermetallic 
compound, GaSb (Fig. 5). 


Fig. 4—10 atomic 
pet Ga. X100. Area 
reduced approxi- 
mately 35 pct for re- 
production. 


TRANSACTIONS AIME 


Fig. 5—27 atomic 
pet Ga. X100. Area 
reduced approxi- 
mately 35 pct for re- 
production. 


In the gallium-rich portion, the darker constitu- 
ent is GaSb; whereas the lighter material is the 
eutectic structure (Fig. 6). It was difficult to re- 
move all scratches from the surface of the gallium- 
rich alloys because of the soft nature of the eutectic 
structure. In fact, when removing the abrasive from 
the surface with alcohol-saturated cotton, the eutec- 
tic matrix became distorted. Therefore, only a light 
swabbing action was used which did not remove all 
of the alumina efficiently. 

The eutectic composition for the gallium-rich side 
could not be determined because of the relatively 
small amounts of antimony present. In fact, the 
eutectic temperature was found to be the same as 
the melting point of gallium. The microstructure 
does not show any eutectiferrous structure but ex- 
hibits only grains of GaSb and gallium. 


Conclusions 

1—The Ga-Sb phase diagram consists of one in- 
termetallic compound of GaSb with a eutectic on 
either side. 

2—The eutectic composition on the antimony-rich 
side is 11.8 atomic pct Ga; the eutectic temperature 
589.8-£0.5°C.: 

3—The eutectic composition on the gallium-rich 
side could not be determined. However, the eutectic 
temperature was found to be the same as the melt- 
ing point of gallium. 

4—No solubility of gallium in antimony was found. 


Fig. 6—86 atomic 
pct Ga. X100. Area 
reduced approxi- 
mately 35 pct for re- 
production. 


5—The melting point of GaSb was found to be 
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Technical Note 


Effect of Boron on the Relative Interfacial Tension of Gamma Iron 


by A. M. Adair, J. W. Spretnak, and Rudolph Speiser 


HERE are sufficient arguments and evidence to 

indicate that boron should be adsorbed to exist- 
ing austenite grain boundaries during the austen- 
itizing treatment. Accordingly, it is possible that 
boron contributes to the hardenability of heat-treat- 
able steels by the reduction of the interfacial energy 
of austenite grain boundaries, at which sites are 
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nucleated heterogeneously the decomposition prod- 
ucts of austenite. Such a reduction in interfacial 
energy would reduce the total energy that can be 
borrowed in these heterogeneous nucleation proc- 
esses and thus retard the initiation of transformation. 

This investigation was undertaken in an attempt 
to determine the effect of boron on this interfacial 
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Table I. Steel Compositions 


Type Cc Mn P Ss Si Ni Cr Mo B 
AISI 8740 0.396 0.88 0.015 0.019 0.31 0.54 0.47 0.25 0.00 
AISI 87B40 0.395 0.89 0.015 0.019 0.31 0.54 0.48 0.25 0.0013 
AISI TS 8117 0.198 0.81 0.018 0.029 0.23 0.26 0.41 0.11 0.00 
AISI TS 81B17 0.200 0.81 0.018 0.029 0.23 0.26 0.41 0.11 0.0011 


tension in commercial steels. It was realized that, in 
the present state of knowledge, only relative values 
of the interfacial tension of y iron could be esti- 
mated with the technique employed. However, it is 
believed that such a study, despite its deficiencies, is 
justified to determine if boron produces a measur- 
able effect on the interfacial tension and the relative 
magnitude of this effect, thus establishing whether 
or not boron is ‘“‘surface active” in iron (i.e., if boron 
is Significantly adsorbed to grain boundaries). 

In this investigation, two sets of steels were used 
to obtain the requisite data. The matching steels 
were produced by splitting the heat, i.e., the base 
steel was divided and boron was added to half the 
heat in the form of Grainal No. 79. The composi- 
tions of the steels, supplied by the Republic Steel 
Corp., are listed in Table I. 

The interfacial tension of the austenite grain 
boundaries relative to the surface tension of austen- 
ite was determined by the technique of heat etching 
in vacuum. After a sufficiently long etching to de- 
velop the grain boundary grooves, the surface was 
nickel plated to protect the grooves during polishing. 
The groove angles were determined by directly meas- 
uring the width and depth of the groove with a filar 
eyepiece on a profile section of the heat-etched sur- 
face. After measuring the groove angles exposed by 
a given profile surface, the specimen was ground 
repeatedly and polished to expose many grain bound- 
ary grooves for measurement. One hundred grooves 
were measured for each specimen to establish the 
distribution curves of groove angles. Most of the 
curves obtained were essentially normal, clustering 
about the true groove angle. The interfacial tension 
relative to the surface tension was calculated from 
the average groove angle. 

The results obtained are summarized in Table II. 
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Table. III. Estimated Values of the Interfacial Tension in Austenite 


Tempera- Interfacial 
ture of Tension Pet 
Heat Etch- Estimated, Reduc- 
Steel ing, °F Dynes per Cm tion 
AISI 87B40 1830 873 a 
AISI 8740 1830 904 
AISI 87B40 1600 949 es 
AISI 8740 1600 967 i 
AISI TS 81B17 1650 947 
2.30 
AISI TS 8117 1650 969 


It is of interest to note that in all cases, boron ap- 
pears to reduce the interfacial energy (increases 
groove angles), although in none of the cases is the 
difference in average groove angles statistically sig- 
nificant, since the difference of the means is less in 
each case than three times the standard deviation of 
the means. It is interesting also to compare the aver- 
age angles for AISI 87B40 steels for 1600° and 1830°F. 
Increasing the temperature apparently decreases the 
relative interfacial energy, indicating a positive tem- 
perature coefficient of adsorption of boron in y iron. 
Solely for the purpose of assigning numbers to the 
relative interfacial tensions of y iron, Van Vlack’s' 
value of 850 dynes per cm for the interfacial tension 
of y iron saturated with copper and sulphur at 
1105°C was used. The mean groove angle for the 
AISI 8740 steel at 1105°C was estimated to be 148°. 
From these data, the surface tension of y iron was 
calculated. Assuming this surface tension remains 
constant in the various experiments, the interfacial 
energies were estimated from the mean groove an- 
gles measured. These estimated values are given in 
Table III. 

Since the question of effect of boron on the surface 
tension of y iron is not resolved in this experiment, 
the results probably should be interpreted as quali- 
tative indications. It does not appear that boron 
sufficiently reduces the interfacial energy to explain 
the hardenability effect directly on this basis. It is 
important that there is a consistent indication of ad- 
sorption of boron to the austenite grain boundaries 
and, in the case of AISI 87B40 steels, an indication 
that more boron is forced to the grain boundary as 
the austenitizing temperature is increased. 
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Table II. Data on Grain Boundary Grooves Developed by Heat Etching 


Three Times 


Temperature Standard Standard Difference 
of Heat Mean Groove Standard Deviation Deviation of Mean 

Steel Etching, °F Angle Deviation of Means of Means Groove Angles 
AISI 87B40 1830 147.13° 4,349 

0.689 2.067 1.20 
AISI 8740 1830 145.93° 5.346 
AISI 87B40 1600 144.20° 4.765 

0.573 1.719 0.71 
AISI 8740 1600 143.49° 3.184 
AISI TS 81B17 1650 144.28° 2.770 

0.427 1.281 0.86 
AISI TS 8117 1650 143.42° 3.274 ' 
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Magnesium-Rich Corner of The 
Magnesium-Lithium-Aluminum System 


by J. A. Rowland, Jr, C. E. Armantrout, and D. F. Walsh 


The magnesium-rich corner of the 375°, 200°, and 100°C isothermal sections of 
the Mg-Li-Al system as developed by metallographic and X-ray diffraction studies is 


presented in this paper. 


4 ase close-packed-hexagonal structure of mag- 
nesium is converted to a ductile and malleable 
body-centered-cubic lattice by the addition of lith- 
ium in excess of 10 pct. Further, the density of mag- 
nesium or magnesium-base alloys is decreased by 
additions of lithium. The practical possibilities of 
such alloys as a basis for uniquely light, malleable, 
and ductile structural materials were pointed out by 
Dean in 1944* and by Hume-Rothery in 1945.? It was 
apparent to these investigators, however, that more 
complex compositions would be required if strengths 
sufficient for structural applications were to be de- 
veloped in these alloys. In a search for strengthen- 
ing additions, various investigators ** have examined 
a number of the ternary and more complex alloys 
containing magnesium and lithium. An investiga- 
tion of the fundamental characteristics of these al- 
loys was undertaken by the Bureau of Mines. 

The investigation was initiated with a study of 
the magnesium-rich corner of the equilibrium dia- 
gram for the ternary system, Mg-Li-Al. The follow- 
ing data from published investigations of Mg-Li-Al 
alloys were available: 1—a description of isothermal 
sections at 20° and 400°C through the Mg-Li-Al 
constitution diagram by F. I. Shamrai;’ 2—a dia- 
gram by P. D. Frost et al.” showing approximate 
phase relationships at 700°F for a number of the 
Mg-Li-Al alloys; and 3—diagrams showing the con- 
stitution at 500° and 700°F for the Mg-Li-Al alloy 
system published by A. Jones et al.’ 

Where compositions and temperatures permit 
comparison, these diagrams show disagreement. The 
700°F isotherms of Frost and Jones differ only in 
the placement of the phase boundaries. But Sham- 
rai’s 400°C (752°F) isotherm shows a variation in 
phases as well as in phase boundaries. Although 
rigid comparison of these different isothermal sec- 
tions might not be justifiable, it seems impossible to 
reconcile Shamrai’s construction with the isotherms 
of Frost or Jones. 

The isothermal sections presented in this paper 
were prepared to determine compositions which 
might be suitable for age hardening and to develop 
the general slope and placement of the various phase 
boundaries in the magnesium-rich corner of the dia- 
gram. Sections at 375°, 200°, and 100°C were se- 
lected for investigation. 

In constructing these sections, the solubility of 
aluminum in magnesium, as reported by W. L. Fink 
and L. A. Willey® in 1948, was used at the binary 


‘J. A. ROWLAND, JR., Member AIME, C. E. ARMANTROUT, and 
D. F. WALSH, Member AIME, are Metallurgists, Minerals Tech- 
nology Div., Region VI, Bureau of Mines, Rolla, Mo. 

Discussion of this paper, TP 3887E, may be sent, 2 copies, to 
AIME by Apr. 1, 1955. Manuscript, May 19, 1954. Chicago Meet- 
ing, February 1955. 

’ Papers by authors on the Bureau of Mines Staff are not subject 
to copyright. 
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Mg-Al boundary and the solubility of lithium in 
magnesium was obtained from the equilibrium dia- 
gram for that system as reported by G. F. Sager and 
B. J. Nelson’ in the same year. The solubility of mag- 
nesium in lithium was determined experimentally 
and conforms in general to data reported by P. 
Saldau and F. Shamrai.” Parameters for AlLi and 
Mg.,Al, were taken from American Society for 
Testing Materials X-ray diffraction data cards. 


Experimental Procedures 

Although the isothermal sections presented in this 
paper are not unusually complex, the experimental 
techniques involved in their construction are made 
extremely difficult by the relatively high vapor pres- 
sure of lithium and the great chemical activity of 
both magnesium and lithium. Because of these char- 
acteristics, which make precise control of the com- 
position of equilibrium-treated filings practically 
impossible, the disappearing phase method was 
used in preference to the parametric method in 
conjunction with metallographic studies. 

The alloys used in this investigation were melted 
and cast in an atmosphere of helium using a tilting- 
type furnace which enclosed a steel crucible and 
mold in a single unit. 

Each portion of the charge (500 to 600 g) was 
cleaned carefully just before placing it in the cru- 
cible; and the charge, crucible, and entire melting 
apparatus were evacuated and then washed with 
grade A helium while preheating to approximately 
100°C. The alloys were melted and chill cast in an 
atmosphere of helium. Alloys prepared in this way 
were relatively free from inclusions and a fluxing 
treatment was considered unnecessary. The cylindri- 
cal ingots obtained were scalped and then reduced 
96 pct in area by direct extrusion, yielding % in. 
diam rod. Sections of the rod, approximately 3 in. 
long, were given equilibrium heat treatments and 
then sampled for metallographic examination, X-ray 
diffraction study, and chemical analysis. The surface 
of each equilibrium-treated rod was machined to a 
depth sufficient to insure removal of contaminated 
material before samples for chemical analysis or 
X-ray diffraction study were obtained, and all de- 
cisions on microstructure were based on the ex- 
amination of the central portion of the metallo- 
graphic specimen. 

All specimens homogenized at 375°C were an- 
alyzed after this equilibrium heat treatment. When 
the composition of an alloy placed it in a critical 
area of the 200° or 100°C isothermal section, a check 
chemical analysis was made on a sample taken from 
the alloy specimen as-heat-treated at the particular 
temperature. 

Standard chemical procedures of gravimetric 
analysis were used in the determination of mag- 
nesium and aluminum; lithium, potassium, and so- 
dium were determined by flame photometer methods 
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Fig. 1—6.7 pct Li, 
3.6 pct Al; quenched 
from 375°C; at 8 
structure. Phospho- 
picral etch. X500. 
Area reduced ap- 
proximately 30 pct 
for reproduction. 


Fig. 3—0.03 pct Li, 
14.7 pct Al; 500 hr 
at 200°C after ho- 
mogenizing at 
375°C; “eutectoid- 
al” areas of a and 
Mg,-Al,, massive 
areas of Mg,-Al... 
Citric-nitric-glycerine 
etch. X500. Area re- 
duced approximately } 
30 pct for reproduc- 
tion. 


in the Bureau lab- 


as developed by E. E. Strange” 
oratories. 

In addition to determining the three major ele- 
ments contained, about half of the alloys used were 
also analyzed for sodium and potassium, the com- 
bined content of which averaged 0.027 pct. 

While the total analytical percentages of all com- 
ponent elements indicated less accuracy than would 
be desired, the data as transcribed to various iso- 
thermal sections show no serious inconsistencies. A 
large number of compositions were prepared and 
several specimens of each composition were heat 
treated to obtain equilibrium conditions at the vari- 
ous temperature levels. Thus, although each symbol 
on the three isotherms represents a specific alloy 
specimen, the location and structure of that speci- 
men have, in most cases, been verified by duplicate 
results. 

The 375°C Equilibrium Heat Treatment: At 
375°C, which is a relatively high heat treating tem- 
perature for the Mg-Li-Al alloys, equilibrium is 
approached rapidly; and both metallographic and 
X-ray data obtained on specimens annealed for 
periods of time varying in the range of 20 to 500 hr 
indicated that equilibrium conditions for the tem- 
perature were closely approximated after a 24 hr 
anneal. The specimens shown on the 375°C section 
were annealed for not less than 46 hr with a tem- 
perature control of +2°C. Annealing was ee 
out in helium under an estimated pressure of 1¥ 
atm in sealed glass containers to minimize lithium 
loss and surface chemical attack. : 

Quenching in agitated cold water gave an “ade- 
quate rate of cooling and resulted in an insignificant 
surface attack on specimens used. 

The 200°C Equilibrium Heat Treatment: In gen- 
eral, heat treating techniques for the 200°C isotem- 
perature were similar to the procedures for the 
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Fig. 2—0.01 pct Li, 
11.4 pct Al; quenched 
from 375°C; a ma- 
trix containing 
Mg,;Al,.. Phosphoric- 
glycol etch. X500. 
Area reduced ap- 
proximately 30 pct 
for reproduction. 


Fig. 4—10.4 pct Li, 
20.8 pct Al; quenched 
grains and AILi 
globules in B ma- 
trix. Acetic-glycol 
etch. X500. Area 
reduced approxi- 
mately 30 pct for 
reproduction. 


375°C level. Metallographic and X-ray examination 
of specimens after various periods of heat treatment 
extending up to 500 hr indicated that equilibrium 
conditions existed after 200 hr at 200°C. The speci- 
mens used in establishing the 200°C isotherm re- 
ceived a treatment of not less than 200 hr at tem- 
perature. As an additional assurance that the data 
employed in constructing this section represented 
equilibrium conditions, the isotemperature was ap- 
proached from a homogenizing temperature of 
375°C, using one series of specimens, and from room 
temperature using a duplicate series. Results ob- 
tained by the two heat treating procedures were 
practically identical except for the dispersion of the 
various phases present. These results and the data 
obtained from specimens heat treated for various 
intervals of time combined to give evidence that the 
200°C isothermal section as constructed represents 
equilibrium conditions at the temperature. 

Equilibrium Heat Treatment at 100°C: The equi- 
librium heat treatment for the 100°C isothermal 
section was tested by methods similar to those used 
for the 200°C section. These tests revealed that, for 
many compositions, annealing treatments extending 
up to 500 hr were inadequate for complete phaseal 
equilibrium. However, specimens cooled gradually 
from a homogenizing treatment at 375° to 100°C and 
maintained at this lower temperature for 200 hr 
reached phaseal equilibrium; extended heating up 
to 500 hr showed no further phase changes. There- 
fore, construction of the 100°C isothermal section 
was based on results obtained from specimens held 
at that temperature for 200 hr after being slowly 
cooled from a 24 hr homogenizing treatment. The 
cooling rate averaged 3° per hr to 175°C and 2°C 
per hr to the isothermal temperature at which the 
specimens were maintained within +0.5°C for a 
period of not less than 200 hr. 


TRANSACTIONS AIME 


Electrical Resistivity Measurements: Electrical 
resistance measurements were made on a number of 
alloys in an attempt to locate phase boundaries by 
breaks in the temperature coefficient of resistivity 
curve. Results obtained were not consistent and the 
method was abandoned. 


Discussion of Results 

Microstructures: Four phases in various combina- 
tions make up the eight phase regions occupying the 
magnesium-rich corner of the three isothermal sec- 
tions investigated. These phases are the magnesium- 
rich (a) solid solution, the lithium-rich (f) solid 
solution, and the two binary compounds Mg,,Al,, and 
Alli. The phases when present in sufficient quantity 
to take a massive form during isothermal treatment 
are easily distinguished under the microscope. The 
a and £ solid solutions, one of which forms the ma- 
trix of each of the alloys studied, are widely differ- 
ent in etching characteristics. The lithium-rich solid 
solution is very active chemically and even a rinse 
in ordinary tap water will generally develop a dis- 
tinctive brown film on this phase, while leaving the 
magnesium-rich solid solution unattacked. Many of 
the standard etching reagents for magnesium are 
excellent for differentiating between these phases 
and for revealing the general structure of the vari- 
ous alloys. Typical structures, as revealed by one 
of these standard etchants, are shown in Figs. 1 
through 4. Fig. 1 shows the two-phase a-f structure. 
In Fig. 2, the a phase appears as a matrix containing 
massive, slightly angular grains of the compound 
Mg,,Al»,. These irregularly shaped particles which 
generally tend to polish in relief are the typical form 
in which this compound appears. With very dilute 
acid etches, the compound has a blue-white color 
under green light which contrasts with the grayer 
tones of a solid solution matrix. The compound also 
precipitates in a “eutectoidal’’ form when specimens 
previously homogenized at 375°C and quenched are 
heat treated at 100° or 200°C. This structure (Fig. 
3) persists even after 500 hr at 200°C. 

Fig. 4 shows massive globules containing the com- 
pound AlLi, with a grains in a matrix of 6 solid 
solution. The peculiar appearance of these globules 
has not been explained in a completely satisfactory 
manner. The intensity of the AlLi diffraction lines 
increases with the amount of globular material, and 
no additional lines appear in the pattern. From this, 
it can be reasoned that the duplex structure is the 
result of a decomposition involving the matrix and 
AlLi. A simpler explanation of the structure might 
attribute the duplex appearance to shattering of the 
globules during polishing or etching. But the struc- 
ture is evident in the unetched specimens in which 


Fig. 5—Electron mi- 


crograph showing 
AILi in globular 
formation in a 
matrix. Unetched. 


X25,000. Area re- 

duced approximately 
30 pct for reproduc- 

tion. 
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the globules are apparent because of their relative 
hardness, and attempts to shatter the globules by 
scratching with a microcharacter were unsuccessful. 
On the other hand, some evidence indicating that 
the globules are actually a duplex of AlLi and the 
matrix has been found in an electron micrograph, 
Fig. 5, obtained from one of these globular forma- 
tions, and this explanation is compatible with the 
apparent form of the equilibrium diagram for this 
system. The AlLi phase, like the Mg,,Al,. phase, 
sometimes precipitates as lamellae from the a solid 
solution. Fig. 6 shows AlLi occurring in both globu- 
lar and lamellar form in a matrix of a containing 
islands of 8. While the Mg,,Al, and AlLi lamellae 
have very similar microstructures, they are readily 
distinguished by X-ray diffraction. 

X-Ray Diffraction Data: X-ray diffraction pat- 
terns for each of the four phases observed check 
closely with published data and with patterns ob- 
tained from laboratory melts with nominal com- 
positions corresponding to the theoretical composi- 
tion of each phase. Additional lines, usually very 
faint, were found in an occasional pattern; these 
could be attributed to nitrides or carbonates on the 
basis of published data. Four of the additional lines, 
however, were more intense. They occurred fre- 
quently, but not consistently, in alloys containing 
substantial amounts of 8. These lines corresponded 
closely in both angle and intensity to the four prin- 
cipal lines reported for the ternary compound 
MglLi.Al, as mentioned by Jones et al.’ and credited 
to the Dow Chemical Co. Therefore, several alloys 
approximating the composition MgLi,Al were pre- 
pared in the laboratory and diffraction patterns on 
these alloys were obtained immediately after equi- 
librium heat treatments in a purified helium atmos- 
phere at 400°, 375°, and 100°C. In every case, the 
alloys were found to contain the compound AILi 
with B or with a and £, and there was no trace of the 
four additional lines in any of the patterns obtained. 
From this it must be assumed that an equilibrium 
compound MgLi.Al does not exist in the temperature 
range 100° to 400°C. Diffraction patterns were also 
obtained from a number of alloys in the range of 4 
to 15 pet Li and 12 to 30 pct Al after homogenizing 
treatments at temperatures of 400°, 375°, and 100°C. 
These patterns also failed to reveal any evidence of 
the four lines which were initially attributed to 
MgLi,Al. Further analysis of the data revealed that 
the four additional lines occurred only in the region 
near the 6 corner of the a-f-AlLi and £-AlLi areas. 
These lines, when encountered, were from speci- 
mens which had been homogenized at 375°C and 
then aged at either room temperature or 100°C for 
a considerable period of time. Therefore, although 


Fig. 6—7.2 pct Li, 
5.5 pct Al; 100 hr 
at 375°C, cooled 
slowly over 100 hr 
to 100°C, held 200 
hr at 100°C, and 
then quenched. AILi 
occurring in both 
globular and lamel- 
lar form in a matrix 
of containing is- 
lands of Phos- 
phoric-glycol etch. 
X500. Area reduced 
approximately 30 
pct for reproduction. 
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lines could not be reproduced consistently even 
with specimens of the same alloy, it is believed that 
the four difiraction lines are from a transitional 
structure. In any case, it was possible to eliminate 
the four excess lines from the diffraction patterns 
by careful control of the heat treating practice to 
insure equilibrium conditions and by minimizing de- 
lays in the X-ray diffraction analysis of the heat 
treated specimens. 

Construction of the Isothermal Sections: Results 
for the 375°C isothermal section are shown in Fig. 
7. At this temperature, the a and 8 regions extend 
well into the ternary triangle and the three-phase 
(e-8-AlLi) field occupies a large part of the central 
section. The three-phase (ea-AlLi-Mg,-Al,.) field is 
extremely narrow at this temperature and only two 
of the alloys examined contained considerable 
amounts of both binary compounds. A micrograph 
of one of these alloys showing AlLi globules and 
angular particles of Mg,-Al.. in an a matrix is repro- 
duced in Fig. 8. Fortunately, very small quantities 
of the AlLi phase can be detected by X-ray diffrac- 
tion and it is, therefore, possible to establish the 
presence of this compound by diffraction methods 
even when it is not identifiable by ordinary micro- 
scopical examination. When the results are described 
in terms of weight percentages, the solubility of 
aluminum in magnesium first decreases and then 
increases slightly until the e/Mg,-Al,. boundary 
meets the corner of the ternary area for the a solid 
solution and the two binary compounds. Above 
this point, the aluminum solubility again decreases. 
Apparently, the aluminum content of a magnesium 
has very little effect on the solubility of lithium, but 
the solubility of magnesium in £ lithium decreases 
perceptibly with increasing aluininum content. The 


as B + AILi 
Aa 
= +\AlLi AL, 
/a oa a+ Mg, Alp \ \ 
a / \ 
10 20 30 


Weght Percent Aluminum 


Fig. 7—375°C isothermal section of magnesium-rich corner of the 
Mg-Li-Al system. 


3 


Fig. 8—5.2 pet Li, 
quenched from 


375°C; AILi ond 
educed approxi 
> 
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exact direction taken by the 8/§-AlLi boundary 
which has been extended as a dotted line cannot be 
established from the data now available, but it is 
apparent that it will extend to the solidus from the 
corner of the ternary triangle. 

The 200°C isotherm is shown in Fig. 9. No addi- 
tional phases appear at this temperature. The a, 8, 
a-8, and a-Mg;,-Al. fields, however, have retracted 
abruptly toward the binary surfaces, permitting a 
marked expansion of the four fields containing AlLi. 
Although the data do not establish the slope of the 
a-B/a-B8-AlLi boundary with decreasing tempera- 
ture, it is apparent that this slope would increase 
with decreasing temperature. 

With a further decrease in temperature to 100°C, 
retraction of the a, 6, a-8, and a-Mg,-Al,, areas con- 
tinues at a much slower rate. At the 100°C isotherm 
(Fig. 10), these fields are slightly smaller than at 
the 200°C level and the central areas containing 
Alli are expanded proportionately. Otherwise, the 
200° and 100°C isothermal sections are very similar. 


Summary 

The principal results of this investigation are sum- 
marized in the three isothermal sections, Figs. 7, 9, 
and 10. It is evident that the first requisite for an 
age-hardening alloy is present in a wide range of 
the compositions investigated. As the 8 solid solu- 
tion is the most ductile phase in the Mg-Li-Al sys- 
tem, the portions of the equilibrium diagram of 
greatest interest, from the practical standpoint of 
developing alloys combining good workability and 
strength, adjoin the a-8/a-8-AlLi phase boundary. 
It is evident that 8 and a-8 alloys supersaturated 
with AlLi can be obtained by quenching from a 
homogenizing temperature in the vicinity of 375°C. 


oo 


Mg 


Mg, Als ° 


Weight Percent Aluminum 


Fig. 9—200°C isothermal section of magnesium-rich corner of the 
Mg-Li-Al system. 
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Fig. 10—100°C isothermal section of magnesium-rich corner of the 
Mg-Li-Al system. 
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It also seems probable from the tendency of the 
metastable condition to persist after 500 hr at 100°C 
that a massive precipitation of the AlLi can be 
avoided by suitable aging treatment. : However, it 
remains to be positively demonstrated whether pre- 
cipitation hardening of a sufficiently permanent type 
can be developed in this region, 


Discussion of this paper, if any, will appear in 
JOURNAL OF METALS, November 1955, and in AIME 
Metals Branch Transactions, Vol. 203, 1955. 
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Technical Note 


Magnetic Properties of Manganese-Germanium Alloys 


N a recent investigation of the Mn-Ge system by 

Zwicker et al.,* it was reported that two inter- 
metallic compounds in this system, Mn,Ge, and 
Mn.Ge,, exhibited ferromagnetic properties. Of these, 
Mn;Ge, was reported as “strongly magnetic” and 
Mn;Ge, was said to be ‘‘weakly magnetic” but no 
actual values were given. In a study of magnetic 
alloys of nonmagnetic elements sponsored by the 
United States Army Signal Corps at Lehigh Univer- 
sity, test bars having the nominal composition of 
these compounds were prepared by pressing ele- 
mental powders and sintering them in a purified 
helium atmosphere. Magnetic values obtained on 
these compounds are reported in Tables I and II. 

It should be cautioned that the test bars were 
somewhat porous and that X-ray patterns run on 
these materials indicated that the homogenization 
in the samples was not complete, but that in each 
case the compound reported on was the dominant 
phase. The (B-H) max and particularly the Br 
values for pure dense Mn,Ge, can, therefore, be ex- 
pected to be somewhat higher than those reported 
herein, while those for Mn,Ge, may be in error in 
either direction. 


R. J. QUIGG, formerly Graduate Student, Lehigh University, is 
associated with Rem-Cru Titanium Co., Midland, Pa., G. P. CON- 
ARD, and J. F. LIBSCH, Members AIME, are Assistant Professor of 
Metallurgy and Associate Director, and Professor of Metallurgy and 
Director, respectively, Magnetic Materials Laboratory, Lehigh Uni- 
versity, Bethlehem. 

TN 258E. Manuscript, Noy. 1, 1954. 

This note is based on a portion of a thesis by R. J. Quigg sub- 
mitted, in partial fulfillment of the requirements for the degree of 
Master of Science, to the Graduate Faculty, Lehigh University. 


Further details on this investigation are available 
in previous publications.” 
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Table |. Induction Values of Mn;sGes (Nominal*) 


Bar No. (B-H) max H = 4000, Gauss 
34 213 
39B 260 
36 222 
36 retest 209 
Apparent average 225 


“Values of Br and Hc were found to be unreliable in view of the 
low (B-H) max. Br was estimated as less than 100 gauss and Hc 
estimated as 30 to 40 oersteds. 


Table II. Magnetic Values of Mn;Ge; 


B-H max H= 
Bar No 4000, Gauss Br, Gauss He, Oersteds 
387 A 1450+ 90— 29 
37B 1180 60+ 24 
37 B (H = 5000) 1260 30 24 
Apparent average 1300 60 26 
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Structure and Magnetic Properties of Some 


Transition Metal Nitrides 
by George W. Wiener and J. Aldred Berger 


Several transition metal nitrides have been prepared and their saturation magneti- 
zation determined. On the basis of an atomic model of ferromagnetism involving a 
consideration of nearest neighbor interactions and the assumption that all atomic 
moments of the metal point in the same direction, it appears that the nitrogen inter- 
acts with d-shell of the transition metal in such a way as to reduce the magnetic 


moment. 


HERE is a large class of materials having metal- 

lic properties which are formed by a combina- 
tion of hydrogen, boron, carbon, oxygen, or nitrogen 
with the transition metals. Several attempts have 
been made to establish the type of metal-nonmetal 
bonding in these interstitial alloys because it is be- 
lieved that many of the physical properties of these 
materials are determined by the characteristics of 
this bond. Several of these alloys are ferromagnetic, 
and thus a powerful method is available for investi- 
gating the structures in a direct manner by measur- 
ing the saturation magnetization. The latter is a 
fundamental property of ferromagnetic metals and 
alloys which depends primarily on the electron dis- 
tribution surrounding the atom. For the first row of 
transition metals, this refers specifically to the 3d- 
shell. Since bonding involves the electronic config- 
uration between atoms, there is reason to suppose 
that a relationship exists between ferromagnetism 
and bond type. In the case of the interstitial struc- 
tures studied in this work, bonding will refer to the 
distribution of electrons between the transition metal 
and the nonmetal. Since these alloys have metallic 
properties, it is further proposed that any bonding 
interactions will involve the outer p-shell of the in- 
terstitial element and the incomplete d-shell of the 
transition metal. If this is the case, then the rela- 
tionship between ferromagnetism and metal-non- 
metal bonding is established qualitatively. 

In order to investigate the subject quantitatively, 
certain transition metal nitrides were chosen be- 
cause they have simple crystal structures, are or- 
dered alloys, and are ferromagnetic. They also have 
sufficiently high saturation magnetization to be of 
technical interest. 

Currently there are two major theories of ferro- 
magnetism, each of which has been applied to the 
interpretation of the saturation magnetization in 
terms of atomic structure. They are usually referred 
to as the band theory and the atomic theory. The 
former has found widespread application to the 
study of pure metals and certain solid-solution al- 
loys. However, it has not been applied to the inter- 
stitial structures or ordered alloys because it does 
not interpret the properties directly in terms of the 
crystal structure. The atomic theory on the other 
hand is especially suited to the study of interstitial 
structures because it permits an interpretation of 
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ferromagnetic phenomena in terms of the crystal 
geometry. As has been pointed out previously, the 
nitrides have simple ordered crystal structures and, 
therefore, the choice of the atomic theory for the 
interpretation of the data is a natural one. One of 
the prime difficulties with the atomistic theory is 
that its mathematical justification is much more 
difficult, and for this reason its general acceptance 
will depend to a large extent on the value it has in 
explaining and predicting the results of experiment. 

Before the presentation of the theoretical basis for 
understanding the metal-nonmetal bond, it is useful 
to review the ideas existing prior to this work. 

Four different interpretations have been given to 
the metal-nonmetal bond. These are summarized as 
follows: 1—acceptance of electrons by the nonmetal 
from the incomplete d-shell of the transition metal, 
2-—transfer of electrons from the nonmetal to the 
incomplete shell of the transition metal, 3—no ex- 
change of electrons between the two atoms, and 4— 
a resonating type of bond involving the p electrons 
of the interstitial atom giving rise to half bonds. 

Zener in a recent series of papers has proposed 
a new theory of ferromagnetism and has developed 
an explanation of the observed saturation magneti- 
zation of iron nitride (Fe,N) using the concept that 
nitrogen accepts electrons from the 3d-shell of iron. 
Jack,’ on the basis of atom size considerations in 
iron carbonitrides, has proposed that nitrogen trans- 
fers or donates electrons to the inner 3d-shell. He 
found that the effective size of the carbon atom was 
less than that of nitrogen and thus suggested that 
the interstitial atoms give up electrons. Kiessling*® 
has studied the borides of several transition metal 
atoms and proposed that boron loses one p electron 
to the transition metal. He postulated that the ad- 
ditional electron added to the metal lattice com- 
pensates for the loss in metallic properties which 
results from the increased metal-metal atom separa- 
tion. Guillaud"* has proposed similar arguments 
from some recent magnetic studies he had made on 
manganese nitride. However, he did not base his 
conclusions on a quantitative argument. Pauling,’ 
in a recent paper, discussed electron transfer in in- 
termetallic compounds. He classified nitrogen as a 
hyperelectronic atom which can increase its valence 
by giving up electrons. He classified the transition 
metals as buffer atoms which are capable of either 
accepting or giving up an electron. He pointed out 
that two factors are operating which promote elec- 
tron transfer because they lead to increased stability. 
The first is an increase in the number of bonds, and 
the second is a decrease in the electric charges on 
the atoms. These ideas when applied to the inter- 
stitial nitrides would indicate a viewpoint favoring 
electron transfer by nitrogen to the transition metal. 
Hagg’s arguments in favor of no exchange are ade- 
quately summarized by Wells.” Implicitly, Hagg 
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regarded the nitrides as interstitial solutions with- 
out any Me-N interaction. 

Rundle” has proposed a resonating type of bond 
involving the three p electrons of nitrogen. He 
called them half bonds because the nonmetal forms 
more bonds than it has bonding orbitals. He further 
assumed that the extreme brittleness of these ma- 
terials is an indication of directed valence. It was 
also suggested that the interstitial compounds 
formed with the transition metals to the left of 
chromium have high melting points because of 
strong metal to nonmetal bonds. Although Rundle 
confined his ideas primarily to interstitial alloys of 
equal atomic composition, he suggested that a sim- 
ilar picture applies to the lower nitrides of the type 
Me.N. In this case he suggested that the metal-metal 
bonding also must be important. 

So far in the discussion, the evidence for each of 
the proposed bonding mechanisms has been incon- 
clusive. Properties such as atom size, electrical 
conductivity, brittleness, and melting point do not 
yield a quantitative picture of the actual electron 
configuration. Although it is possible to establish 
the electron configuration of the incomplete 3d-shell 
from magnetic data, the diametrically opposite 
views of Zener and Guillaud could not be resolved 
from the data which existed at the time this research 
was begun. In spite of this disagreement, the meas- 
urement of magnetic saturation is considered one of 
the most promising methods of attacking the prob- 
lem. In the next section there are presented certain 
theoretical ideas on the basis of which the satura- 
tion magnetization can be used to interpret the 
metal-nonmetal bond. 


Theory 

For the atom model of a metal, it is generally 
assumed that, when the free atoms are condensed 
to the solid state, the electrons originally associated 
with the free atom are still identified with it in the 
crystal lattice. This is true for all but the outer 4s 
electrons which are free and are distributed in a 
band. It must also be recognized even on this 
picture that the remaining electrons may overlap 
or interact with nearest neighbor atoms. On the 
basis of this model of a metal, Zener has postulated 
the following: 

1—The incomplete d-shell of the transition metal 
has the highest net electron spin consistent with 
the total number of electrons available. This is 
based on Hund’s rule of maximum multiplicity. 
To illustrate this rule, consider a 3d shell containing 
seven electrons. Each electron has associated with 
it a spin vector which will be positive or negative 
depending upon whether, in the examples illus- 
trated, it points to the right or left. In filling up the 
d-shell, the electrons will be added so that spins of 
one direction will be added first. This has been 
shown by quantum mechanics to be a state of lowest 
energy. Therefore, the 3d’ configuration can be rep- 
resented as 


<< 


It is easily seen from this picture that there is a net 
spin of +3. Therefore atoms having an incompleted 
shell have associated with them a net spin vector, 
and each atom on the crystal lattice can be con- 
sidered as a small magnet. 
- 9--As a result of the overlap of nearest neighbor 
atoms, there will be an interaction tending to pro- 
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Table I. Outer Atomic Configuration of Transition Metals 


Free Atom Metallic State 


Mn 3d> 481 
Fe 3d° 482 3d7 481 
Co 3d7 4S2 3d8 
Ni 3d8 4S2 3d° 


duce an antiparallel arrangement of the magnetic 
vectors. The extent of this overlap depends on the 
radius of the 3d-shell. It is known that the radius 
of the 3d-shell increases in going from the right to 
the left in the periodic table. Therefore in nickel 
and cobalt the overlap is sufficiently small so that 
a parallel arrangement may be expected. When iron 
is reached, however, there is considerable doubt as 
to the likelihood of a parallel arrangement. Finally, 
manganese and the elements to the left are no 
longer ferromagnetic. 

3—The interaction opposing the overlap forces is 
believed to be due to the free or conduction elec- 
trons. It is postulated that the 4s electrons exert a 
force which aligns the magnetic vectors in a parallel 
manner. 

From postulates 1 and 2 just given, it is possible 
to write an equation representing the magnetic 
moment of an alloy in terms of the number of metal 
atoms in the unit cell. This is possible only if the 
orbital momentum is considered to be quenched, so 
that the total magnetization results only from the 
net spin of the unpaired electrons. This is generally 
the case for cubic alloys and is assumed in the equa- 
tion given subsequently. Since magnetic moment is 
a vector, the direction pointing toward the right will 
be considered as positive throughout the rest of this 
paper. The net magnetic moment per unit cell of an 
alloy can be expressed by the equation 


Br = Napa + Nope [1] 


where pr is the saturation moment in Bohr magne- 
tons per unit cell 


Napa => (Nar — Mar) pa [2] 
Nope = (Nee Neer) [3] 


and nu, is the number of A atoms per unit cell hav- 
ing spins pointing to the right, nu, is the number of 
A atoms per unit cell all having spins pointing to 
the left, ws = (10-d,), and d, is the number of d 
electrons = 5. Similar definitions apply to Nzps. 
Substitution of 2 and 3 into Eq. 1 leads to 


pr = (Maz — Maz) fa + = Net) [4] 


The use of Eq. 4 facilitates calculation of the experi- 
mental data. Experimentally, only the absolute 
magnitude of wr can be arrived at, but it must be 
remembered that wr can represent only a net moment 
pointing to the right or to the left. Examples of the 
use of Eq. 4 will be given in discussing the experi- 
mental data. 

-In using Eq. 4 it is necessary to postulate the con- 
figuration of the d and s electrons when the free 
atom is condensed into the solid state. It is generally 
recognized that some of the 4s electrons for the 
transition metals are demoted to the 3d band. If it 
is assumed with Zener’ that, when the atoms are 
condensed to the solid state, one of the two 4s elec- 
trons is demoted to the d-shell, then the configura- 
tion given in Table I will result. 

With the appropriate model, the data in Table I 
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Fig. 1—Schematic diagram of nitriding furnace. 


together with Eq. 4 can be used to calculate various 
values of ur. 

Prior to this investigation, the only known cubic 
ferromagnetic nitrides were manganese nitride 
(Mn,N) and iron nitride (Fe,N). Since neither of 
these nitrides can be analyzed adequately in terms 
of the theory developed in this paper, it was decided 
to study additional alloys. These included iron 
nickel nitride (Fe,NiN), iron platinum nitride 
(Fe,PtN), and a face-centered-cubic alloy of cobalt 
containing 1 pct N in solid solution. 


Experimental Procedure 

The experimental procedure described in this sec- 
tion may be divided into three main categories: 
1—preparation of the nitrides, 2—structure of the 
nitrides, and 3—magnetic saturation measurements. 
The samples were prepared by reaction with am- 
monia-hydrogen gas mixtures, and crystal structures 
were determined by the Debye-Scherrer powder 
method on ground samples. Magnetic measurements 
were made using a force method. 

Preparation of Iron Nickel Nitride (Fe,NiN): A 
master Fe-Ni alloy was melted in vacuum with the 
following analysis: 0.012 wt pct C, 0.0057 wt pct N, 
27.5 wt pct Ni, a trace of cobalt, manganese, and 
copper, aluminum not detected, and the balance iron. 
The ingot was processed to strip 0.004 and 0.002 in. 
thick in which form it was ready for nitriding. 

Nitriding was carried out in a quartz tube furnace 
assembled as shown in Fig. 1. The proper NH,/H2 
ratio in equilibrium with Fe,NiN was obtained by 
trial. Fig. 2 shows a typical structure of partial ni- 
triding. In this micrograph the dark etching layer 
on the sample shows the small nitride penetration. 
It will be noticed that the nitride has penetrated 
completely through the grain boundaries of the aus- 
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tenite. It is noteworthy that the nitride layer in this 
alloy appears black. This is an etching effect due to 
the presence of the y Fe-Ni phase. X-ray analysis 
confirmed the fact that the structure given in Fig. 2 
is a mixture of y (face-centered-cubic) Fe-Ni and 
Fe,NiN. 

Since it was apparent that the nitride phase forms 
under these conditions, it was decided to reduce the 
thickness of the strip. Since it is known that diffu- 
sion proceeds more slowly in the y region, the use of 
a thinner strip allows the attainment of a homo- 
geneous alloy in a reasonable time. Fig. 3 shows the 
structure of a 2 mil strip, sample 19b, after 48 hr. 
This structure is two-phase although the nitriding 
has apparently proceeded completely through the 
strip. This alloy was heated an additional 24 hr 
without further change in composition. In order to 
obtain complete nitriding, it was decided to use a 
richer gas mixture. The final ratio of NH;/H, which 
gave complete nitriding was 1.0, with a linear flow 
rate of 30 cm per min. The structure of sample 24b, 
obtained after 48 hr, is given in Fig. 4. Sample 24b 
was used for extensive magnetic and X-ray inves- 
tigation. The nitrogen content by weight is 5.82 pct 
(19.99 atomic pct). 

The cracked appearance is due to separation at 
grain boundaries and the fact that the alloy is glass 
brittle. Therefore, during polishing and mounting 
it is susceptible to cracking. The metallographic 
preparation of the nitrides followed conventional 
procedures. The samples were mounted in lucite 
and polished mechanically, finishing with a wet 
wheel on which sapphire dust was the abrasive. 

Preparation of Iron Platinum Nitride, (Fe;PtN): 
The master alloy was melted in the same manner as 
for the Fe-Ni alloy. The ingot analysis is as follows: 
0.018 wt pct C, 0.004 wt pct N, 55.3 wt pct Pt, a trace 
of cobalt, manganese, silicon, copper, and aluminum, 
and the balance iron. The cast ingot was cold rolled 
directly to 0.002 and 0.001 in. with intermediate an- 
neals at 1000°C in a hydrogen atmosphere whenever 
necessary. 

Initial work with the Fe-Pt strip indicated that 
diffusion is extremely slow. Fig. 5 shows a 2 mil 
strip, sample 26a, nitrided at 600°C in an ammonia- 
hydrogen mixture of 1.32 to 1.65. Note the layer of 
nitride on the surface with evidence of penetration 
along grain boundaries. At this point, it was realized 
that a 2 mil strip would require excessively long 
times for nitriding, so further nitriding was done on 
1 mil strips. At the same time, it was thought that a 
richer gas mixture together with increased tempera- 
ture would aid in the nitriding. It is recognized that 
increasing the temperature also increases the amount 
of ammonia dissociation. However, from the struc- 
tures observed metallographically, the formation of 


Fig. 2—Partially nitrided Fe-Ni alloy. Etched with 2 pct nital. 
X500. Area reduced approximately 30 pct for reproduction. 
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Fig. 3—Partially nitrided Fe-Ni alloy. Etched with 2 pct nital. 
X500. Area reduced approximately 30 pct for reproduction. 


the nitride phase was proceeding satisfactorily and 
increasing the reaction rate would be beneficial. 
Finally a sample identified as 30b. was nitrided for 
68 hr in an ammonia-hydrogen ratio of 1.66 at 700°C 
and then an additional 22 hr at 600°C with a result- 
ing nitrogen content of 3.32 wt pct (18.45 atomic 
pct). Magnetic and X-ray measurements were car- 
ried out on this sample. A second specimen, 32a 
with 3.15 wt pct N (17.65 atomic pct) was also pre- 
pared and used for magnetic measurements. 

Structure of the Nitrides: The X-ray diffraction 
techniques used to determine the crystal structure 
of the nitrides are briefly described. Strip samples 
of Fe,NiN, prepared as described previously, were 
ground in an agate mortar to pass 200 mesh and 
analyzed on a Norelco spectrometer using CoKa 
radiation. The observed intensities were measured 
by noting the number of counts recorded on a 
Geiger-counter as the spectrum was scanned at very 
slow speeds. Several runs were made to reduce the 
effect of background; this is particularly important 
in the case of the weak superlattice lines. 

The structure of Fe,PtN was determined, using a 
single crystal monochromator. The sample was 
_ ground as described for the Fe,NiN. The pattern 
was obtained using a 9 cm diam camera with FeKa 
radiation and a flat crystal of lithium fluoride ar- 
ranged so that the reflections from the (200) plane 
would strike the sample. 

A reproduction of the X-ray pattern is given in 
Fig. 6. The superlattice lines as well as the princi- 
pal lattice lines are indicated on the figure. It will 
be noted that the superlattice lines are strong and 
give unmistakable evidence of ordering. A Leeds 
and Northrup nonrecording microphotometer was 
used to measure the intensity of the lines. 

Crystal Structure Data: Both Fe,PtN and Fe,NiN 
are fully ordered structures. They are described by 
the following coordinates: platinum or nickel at 
(0,0,0), iron at (%,%,0) (%,0,%) (0, %, %), 
and nitrogen at (%, %, %). The lattice parameters 
for each are included in Tables II and IIIT giving the 
results of the structure determination. 

Table II summarizes the information for Fe,PtN. 
It will be noted that structure I agrees best with the 
observed values. 

In Table III are the data for Fe,NiN. The calcu- 
lated intensities were carried out in the same man- 
ner as for the Fe,PtN with the exception that no 
- absorption correction had to be made. This is due to 
the fact that the sample thickness in the cassette 
was sufficient to eliminate the need for the correc- 
tion. The structural and magnetic data for Fe,NiN 
are given in Table V. 

Magnetic Saturation Measurements: Early in this 


Fig. 6—X-ray photograph of 
Fe,PtN. Sample 30b.. 
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Fig. 4—FesNiN. Etched with 2 pct nital. X500. Area reduced ap- 
proximately 30 pct for reproduction. 


Fig. 5—Partially nitrided Fe-Pt alloy. Etched with HCI plus H,0O.. 
X500. Area:reduced approximately 30 pct for reproduction. 


work it became apparent that samples of suitable 
size and ductility for conventional ballistic meas- 
urements could not be prepared. It was decided 
therefore to use a force method for determining the 
saturation magnetization. It is well known that, 
when a ferromagnetic is placed in an inhomogeneous 
magnetic field, the force experienced by the sample 
is given by the equation 


F Mo ax [5] 
where F is force = g(M’—™m), dynes; g is the ac- 
celeration due to gravity, 980 cm per sec’; M’ is the 
increase in weight experienced on application of 
field; m is the mass of sample, grams; o is the satu- 
ration moment per gram, emu per gram; and dH/dX 
is the field gradient perpendicular to field. 

Apparatus Employed for Making Magnetic Meas- 
urements: A diagram of the apparatus used is shown 
in Fig. 7. An ordinary analytical balance A was 
used for making the force measurements. To the 
balance arm a copper wire B is attached which in 
turn is connected to a quartz tube C. This suspen- 
sion is located so that the end containing the sample 
is in the region of maximum gradient. For other 
than room temperature measurements, the sample is 
surrounded by a furnace or Dewar flask D. This is 
supported on a wooden pedestal E. Finally, a guide 
F is used to prevent lateral motion. The helium gas 
enters a flow meter H and is dried through a liquid 
nitrogen trap G. The sample is placed either in a 
brass or plastic holder as indicated by I and J. The 
sample holder I is a cylindrical container capped at 
both ends for use with powder samples. Holder J is 
simply a cap which can be slipped over the quartz 
tube C and is used for strip samples. The thin sec- 
tion of sample is placed in the slit shown in the 
figure. The design of the pole faces is due to Suck- 
smith.” The apparatus is calibrated by using pure 
iron. This is necessary to determine accurately the 
field gradient. Generally fields of the order of 12,000 
oersteds were used for the iron-base nitrides and 
19,000 oersteds for the cobalt samples. 

The initial measurements were made on solid sec- 
tions of the nitrided strip. These were supported in 
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Table Il. Structure of FesPtN Lattice Parameter ¢ = 3.857A 


I, Calc. Pet 
Intensity Il, Devi- 

Struc- Calc. Inten- Pet ation 

ture with sity Struc- Deviation of 

Obs. In- N at ture with N- of Struc- Struc- 
HEKL tensity 2) at (00%) ture I ture II 
100 S 550 588 795 +6.9 + 54.0 
110 S 1120 1089 865 —1.9 —23.0 
111 2620 2537 2537 —3.1 —3.1 
200 1990 1873 1873 —5.9 —5.9 
210 S 990 1049 1282 +6.0 +29.0 
211 S 1200 1313 1109 +9.4 —7.6 
220 2750 2606 2606 —5.2 —5.2 
oh 1150 1184 1407 +2.9 +22.0 
310 S 1250 1253 1076 +0.2 —14.0 
311 6050 5122 5122 —15.3 —15.3 
222 2100 2160 2160 +2.9 +2.9 
320 S 1380 1470 1719 +6.5 +25.0 
321 S 4600 4790 4147 +41 —9.8 


a groove as shown in Fig. 7. Since the suspension 
holding the sample was free to rotate, on application 
of a field the sample would orient itself with the 
thickness parallel to the field. This orientation mini- 
mizes the demagnetization factor. Calculations 
based upon ellipsoidal formulae show that for this 
orientation the demagnetization factor is negligible. 
Later measurements were carried out with powders 
because larger sample weights could be used. No 
differences in the saturation values at room tem- 
perature could be found. This indicates that the 
magnetic hardness due either to shape or crystalline 
anisotropy is not sufficiently great to cause difficulty 
in obtaining saturation of the nitride powders. Figs. 
8, 9, and 10 summarize the data obtained on the ni- 
trides of Fe-Ni and Fe-Pt. As stated earlier, a sam- 
ple of Co-N alloy was studied also, and the meas- 
urements are summarized in Table IV. Jack,” who 
has prepared this material, determined the structure 
and found it to be face-centered-cubic with a lattice 
constant equal to 3.560A. 

Since there is less than a 1 pct change in the sat- 
uration magnetization of cobalt extrapolated to 
absolute zero, the precision of the method did not 
warrant measurements at low temperature. 


Correlation of Theory and Experimental Results 

In this section the magnetic data together with 
the results of structural investigations are discussed. 
For convenience, the structural and magnetic data 
are summarized in Table V. 

It will be shown that a single atomic model can 


Table III. Crystal Structure of FesNiN Lattice Parameter a = 3.790A 


I, Cale. Pct 
Intensity Ii, Devi- 
Struc- Cale. Inten- Pet ation 
ture with sity Struc- Deviation of 
Obs. In- N at ture with N- of Struc- Struc- 
H KL tensity Ye) at (00%) ture I ture II 
100 S 33 34 299 +3.0 +806 
110 S 266 371 125 + 39.4 —55.0 
111 oie 7276 7276 +1.2 +1.2 
200 4225 4236 4236 + 0.3 +0.3 
210 S —* 0.036 84 
211 S 84 127 36 +51.0 —56.0 
220 2231 2203 2203 —1.3 —1.3 
221 
300 Ss — 0.23 41 —t — 
310 S 30 40 28 + 33.0 —6.7 
.311 2256 2190 2190 —3.4 —3.4 
222 851 884 884 +3.6 +3.6 


* Line not detected on the spectrometer under the experimental 
conditions used. 

+The fact that this line is not detected supports the view that 
structure I is the more correct configuration, as the calculated in- 
tensity for this structure is very low. 
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‘Table IV. Magnetic Properties of Cobalt 


Experimental 
Atomic (This Liter- 
Sample Pet N Investigation) ature 
Pure cobalt Nil 160.8 161.016 
Face-centered-cubic cobalt 3.72 153.5 — 
Face-centered-cubic cobalt Nil — 164.0% 


Table V. Structure and Magnetic Data of Nitrogen Alloys 


Nearest 

Lattice Me-Me 
Constant Distance Curie 
Alloy Structure in A in A Point 
Fe,N* Cubic Qo = 3.795 2.683 208.5 488°C 
Mn,N* Cubic Qo = 3.857 2.727 26.2 465°C 
FesNiN Cubic a = 3.790 2.680 166 487°C 
FesPtN Cubic ao = 3.857 2.727 115 369°C 

Coo.s6No. 04 Cubic a = 3.560 2.517 153.57 


* Magnetic data from Guillaud. 
+ Room temperature saturation magnetization. 


be used to explain the five cubic nitrogen alloys 
investigated. 

Interpretation of Cubic Nitrides: From the model 
shown in Fig. 11, it will be recognized that two basic 
assumptions have been made. The first of these is 
that there is inherently an antiferromagnetic ar- 
rangement of the iron atoms and the second is that 
nitrogen acts as an acceptor of electrons. On the 
basis of experimental evidence prior to this research, 
arguments for this point of view depend primarily 
on theoretical considerations. As will be shown 
subsequently, this viewpoint also explains the ob- 
served data for the face-centered alloy Mn,N. How- 
ever, in the light of the present experiments certain 
modifications of the original model seem to be re- 
quired. 

In Table V, the saturation magnetization per gram 
of Fe,N is given as 208.5. Thus, the net number of 
Bohr magnetons per unit cell is calculated to be 
8.86 by application of Eq. 6 


M.W.Xo 

[6] 
where « is the number of Bohr magnetons per unit 
cell, M.W. is molecular weight, o is the saturation 
moment per gram, A is Avagadro’s number = 
6.025 x10" atoms per mol, and 8 is Bohr magneton 
= 0.927X10™ erg per gauss. If the net magnetiza- 
tion per atom is required, then for Fe,N the number 
of Bohr magnetons per atom, py = 1.77, where py = 
fo/5. If the orbital moment is considered to be 
quenched, then the value ~, must be interpreted as 


Fig. 7—Diagram of apparatus for magnetic measurements. 
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Fig. 8—Magnetization curve of Fe,NiN sample 24B. 


arising from the unpaired d electrons existing in the 
alloy. Then on the basis of a simple model, it is pos- 
sible to postulate certain spin arrangements and cal- 
culate the magnetic moment, using Eqs. 1 or 4 pre- 
sented in the section on theory. Consider the case 
for Fe,N where the atoms have the arrangement 
given in Table VI. The theoretical value py is in 
good agreement with the experimental value 
given previously. It will be recognized that this 
configuration with an antiparallel arrangement of 
iron atoms requires nitrogen to act as an acceptor of 
electrons. However, it is immediately obvious that 
a certain ambiguity exists, for if nitrogen is consid- 
ered a donor of electrons the configuration in Table 
VII may exist. 

This value of nr depends on having all iron atoms 
parallel. The major objection to this second inter- 
pretation is that the overlap of the metal atoms 
would be a factor favoring the antiparallel arrange- 
ment. However, it must be pointed out that the 
addition of nitrogen to the lattice expands it so that 
nearest neighbors are 6 pct farther apart than in 
normal face-centered-cubic iron. Since this model 
is the one considered as a result of this investigation 
to be the most desirable interpretation of not only 
the magnetic properties but also the metal-nitrogen 
bond, it is given in Fig. 12. The configuration fol- 
lows the notation used earlier. 

Now consider the case for manganese nitride 
(Mn,N) when the atoms have the arrangement 
given in Table VIII. 

Since the normal state for manganese metal 
(solid) has been chosen as 3d° 4S", it will be recog- 
nized that the configuration in Table VIII represents 
nitrogen acting as an acceptor of electrons. Further- 
more, this has an antiparallel arrangement to con- 
form with the large size of the manganese atom and 
the resulting overlap. However, more detailed ex- 
amination shows that this case is not unique; case II 
given in Table IX gives the identical value of pr. 
Calculating pr as in Table IX. gives a value of —1.0. 
The minus sign, of course, originates from the coor- 
dinate system chosen. Experimentally, only the 
magnitude of the magnetic moment is measured, so 


Table VI. Atom Arrangements for Fe:N for Nitrogen as an Acceptor 
of Electrons 


Atom Type Coordinates No., d electrons 7} NR NL 
Fe (0, 0, 0) tf 3 0 1 
Fe (2, Ye, 0) 6 4 1 0 
Fe (0, %2, Ye) 6 4 1 0 
Fe (%, 0, %) 6 4 1 0 
pr = (Nan — NAL) wa + (NBR — NBL) WB (Case I). 
pr = (3)4 + (O—1)3=9.0. 
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Table VII. Atom Arrangements for Fe;N for Nitrogen as a Donor of 


Electrons 
Atom Type Coordinates No., d electrons be NR nL 
Fe OF u 3 1 0 
Fe Ck, Ye, 0) 8 2 1 0 
Fe (0, Ye, Ye) 8 2 1 0 
Fe CR, 0, ¥) 8 2 1 0 


wr = (3)2 + 1(3). 
ur = 9.0. 


that agreement of the experimental results with the 
two models is excellent. 

Although the manganese data are ambiguous, 
they do give rise to an important concept, namely 
that unbalanced spins result from the introduction 
of the nitrogen to the face-centered-cubic lattice. 
It has been shown that, in both configurations of 
manganese nitride, equal numbers of manganese 
atoms are pointing to the right and left. If all atoms 
were equivalent, Mn,N would show no net magnetic 
moment. The face-centered atoms are closer to the 
nitrogen, and it is suggested that these atoms inter- 
act with the nitrogen atom so as to give the unbal- 
ance in spins required to agree with experiment. A 
picture of these configurations is given in Fig. 13. 
It is suggested that the argument just presented for 
nitrogen interaction with nearest neighbors in Mn,N 
applies equally well to Fe,N and the ternary alloys 
discussed subsequently. The discussion of Fe,NiN 
parallels to that for Fe,N. The observed saturation 
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Fig. 9—Magnetization curve of Fe,PtN sample 30b.,. 
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Fig. 10—Magnetization curve of Fe,PtN sample 32A. 
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Fig. 11—Structure of iron nitride (Fe,N). 


magnetization per gram is 166 corresponding to a po 
of 7.15. Case I is given the arrangement in Table X. 

If the nr given in Table X is compared to the ob- 
served value , the disagreement is at once appar- 
ent. The choice of a parallel arrangement is based 
primarily on the smaller size of the nickel atom as 
compared to the iron atom. It is further assumed 
that nitrogen acts as an acceptor of electrons. If the 
antiparallel condition of Mn,N or Fe,N is chosen, 
agreement with experiment is still poor. 

Now consider Case II given in Table XI. In this 
case a parallel arrangement is chosen, and nitrogen 
is considered to donate electrons. 

The last alloy of this group to consider is the 
Fe,PtN. The X-ray data give the detailed crystal 
structure and, as with the Fe-Ni-N alloy, it is or- 
dered. From the saturation moment per gram of 
115 given in Table V, ~ is calculated to be 7.90. The 
configuration analogous to that given under case II 
for the Fe,NiN yields a value of ur equal to 7.0. It 
is recognized that this deviates from the experi- 
mental value by 12 pct. A consideration of the 
atomic size of platinum (1.38A) and the atomic size 
of nickel (1.24A) does not offer a reasonable expla- 
nation because the nearest neighbor distance also 
increases. It should be noted, however, that this 
alloy contains about 10 pct less nitrogen than the 
Fe,NIN. 

By way of review, these data have been discussed 
in the framework of Zener’s theory with two prin- 
cipal exceptions: 1—parallel or a ferromagnetic 


Table VIII. Atom Arrangements for MniN for Nitrogen as an 
Acceptor of Electrons 


Atom Type Coordinates No., d electrons bh NR nL 
Mn 6 4 0 1 
Mn 0) 5 5 0 
Mn (0, %, Ye) 5 5 1 0 
Mn (2, 0, Y%) 5 5 1 0 

wo, calculated from the data in Table V, is 1.09. 

pr = (nar — NAL) wa + (Nar — (Casel). 
= (2—1)5 + (0 — 1)4). 

pr = 1,0. 
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Table 1X. Atom Arrangements for MnsN for Nitrogen as a Donor 
of Electrons 


Atom Type Coordinates No., d electrons i NR nL 
Mn 6 4 0 1 
Mn Cp, Ye, 0) 7 3 0 al 
Mn (0, %, Ye) 7 3 1 0 
Mn Op, 0, Y) 7 3 1 0 

ar = 3-4 = —1.0 (Case II). 


alignment of the spins in all the alloys of iron, and 
2—nitrogen interaction in such a way as to donate 
electrons to the 3d-shell. In order to verify either 
of these premises would require extensive quantum 
mechanical calculations for the alloy or neutron 
diffraction experiments. 

There is a certain amount of experimental evi- 
dence in the literature pointing to the fact that an 
interstitial element exists as a positive ion in the 
metal. Dayal and Darken™ have shown in some ex- 
periments on the mobility of carbon that it behaves 
approximately as an ion with a +4 charge. Jack’ 
also has postulated this behavior for nitrogen on the 
basis of structural data and size consideration in 
iron carbonitrides. A weaker but additional argu- 
ment from this point of view may be derived from 
considering the structural data of the nitrides them- 
selves. The lattice parameter of Fe,NiN, for exam- 
ple, is 3.790A. Since the normal radius of the iron 
atom is 1.26A, it is easily calculated that the inter- 
stitial hole for the nitrogen atom is 0.635A. The 
normal covalent radius for nitrogen is given as 0.77; 
hence, accommodation of nitrogen in the iron lattice 
requires a smaller size for nitrogen (loss of elec- 
trons). 

On the basis of the model developed previously, it 
may be postulated that nitrogen can reduce the 
saturation magnetization by more than just dilution. 
That is, it can interact with the 3d-shell contributing 
up to approximately 3 electrons per atom of nitro- 
gen. Unfortunately, this effect can be verified in 
very few metals because of the low solubility. How- 
ever, the face-centered phase of cobalt is useful for 
studying this effect. In Table XII are given data 
from which the effect of nitrogen on the saturation 
moment of cobalt can be determined. The sample 
measured may be represented by the formula 
(Coo.No.1). It is an alloy with nitrogen in solid so- 
lution. Using Eq. 6, the average number of Bohr 
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Fig. 12—Atomic model considered as o result of this investi- 
gation to be most desirable interpretation of not only mag- 
netic properties but also metal-nitrogen bond. 
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Fig. 13—Configurations for concept that unbalanced spins result 
from introduction of nitrogen to face-centered-cubic lattice. 
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Magnetons per unit cell, 4, is calculated, and the 
effective number of Bohr magnetons per cobalt 
atom, py, also can be evaluated, since all the mag- 
netism can be considered as arising from the metal 
atoms. Furthermore, if the orbital momentum is to 
be considered quenched, then the average number of 
unpaired d electrons can be calculated also, and the 
effective contribution of the nitrogen can be esti- 
mated. This information is summarized in Table 
XII. 

The value » in Table XII was calculated from the 
most recent data of Myers and Sucksmith® for pure 
face-centered-cubic cobalt. They obtained an ex- 
trapolated value for the saturation magnetization of 
167.3 at —273°C. The foregoing data support the 
viewpoint that nitrogen interacts with the d-shell in 
such a way as to reduce the moment. 

Throughout this paper arguments have been ad- 
vanced to show that nitrogen donates electrons to 
the metal and therefore may exist as a positive ion. 
However, it is not meant to imply that a typical 
ionic bond exists; the structures formed have the 
characteristics of metallic crystal lattices and not of 
ionic lattices of the NaCl type. Furthermore, the 
interaction proposed in this paper is between the d 
electrons of the metal and the p electrons of nitro- 
gen, leaving the valence or conduction electrons 
essentially unchanged. It is recognized that, on the 
basis of the magnetic data presented, no unique 
choice between a covalent bond and the donation 
concept can be made, if the covalent bond is one 
between the nitrogen atom and the unpaired elec- 
trons of the metal d-shell. A covalent bond has al- 
ready been proposed by Rundle” to explain the tran- 
sition metal carbide and nitrides of the NaCl struc- 
tures, and it may be that the characteristics of this 
bond persist in the materials studied here. How- 
ever, the strong metallic character of the lower ni- 
trides may modify this interpretation. 


Conclusions 

Magnetic and X-ray investigations have been 
completed on several transition metal nitrides. The 
relationship between structure and magnetic prop- 
erties has been discussed in terms of a simple 
atomic model. Specifically, the following have been 
presented: 

1—Iron platinum nitride (Fe,PtN) has been pre- 
pared and its structure determined. It is a face- 
centered-cubic crystal with five atoms per unit cell. 
The nitrogen occupies an octahedral position in the 
center of the cell. The atom coordinates are 


Table X. Atom Arrangements for FesNiN for Nitrogen as an 
Acceptor of Electrons 


Atom Type Coordinates No., d electrons bh NR nL 
Ni 0, 0) 9 1 it 0 
Fe (%, %, 0) 6 4 1 0 
Fe (0, %, %) 6 4 1 0 
Fe (%, 0, %) 6 4 1 0 


pr = 12 + 1 = 13 (Casel). 


Table XI. Atom Arrangements for FesNiN for Nitrogen as a Donor 


of Electrons 
Atom Type Coordinates No., d electrons 7) NR nL 
Ni (0, O, 90) 9 1 1 0 
Fe (%, Y2, 0) 8 2 iB 0 
Fe (0, %, 8 1 0 
Fe Or, 0, %) 8 2 1 0 


ur = 6 + 1 = 7.0 (Case II). 
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Table XII. Magnetic Moments of Cobalt and Cobalt Containing 
Nitrogen in Solid Solution 


No. of 
No. of Elec- 
N Atoms trons per 
per 100 N Atom 
Sample Co Atoms Donated 
Nitrogen-cobalt 1.572 1.635 3.86 2.5 
(face-centered- 
cubic) 
Pure cobalt 1.730 1.730 0 0 
(face-centered- 
cubic) 


Pt (0, 0, 0), Fe(%, and 

2—Iron nickel nitride (Fe,NiN) has been pre- 
pared and its structure is identical to the Fe-Pt alloy 
given in conclusion 1. 

3—Complete magnetic data have been obtained on 
the foregoing two nitrides. Fe,PtN has a saturation 
moment per gram of 115 (electromagnetic units) 
and a Curie temperature of 369°C. Fe,NiN has a 
saturation moment of 166 (electromagnetic units) 
and a Curie temperature of 487°C. The curves 
showing variation of magnetization vs temperature 
of both alloys have been given. The values of the 
saturation moment reported were obtained by ex- 
trapolation to absolute zero. 

4—The saturation moment per gram of a sample 
of cobalt metal containing nitrogen in solid solution 
was measured at room temperature and has a value 
of 153.5 (electromagnetic units). This represents a 
greater decrease in magnetic moment than could be 
expected on the basis of simple dilution. 

5—A self-consistent hypothesis has been utilized 
to explain the effects observed for the three cubic 
nitrogen alloys studied in this research as well as for 
two previously reported cubic nitrogen alloys, iron 
nitride (Fe,N) and manganese nitride (Mn,N). This 
model is based upon three fundamental concepts: 
1—Each metal atom can be considered as having its 
own shell of d electrons associated with it. 2—Mag- 
netization results from electron spin only. 3—Nitro- 
gen acts as a donor of three electrons to the 3d-shell 
of the metal; it may be considered either as a posi- 
tive ion or alternately as forming a covalent bond 
involving interaction of the p electrons of the nitro- 
gen with the unpaired d electrons of nearest neigh- 
bor metal atoms. 
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Technical Note 


Preliminary Investigation of the System Ti-Mg 


by J. W. Fredrickson 


ERY little information is available in the litera- 

ture concerning the solubility of magnesium in 
titanium. Aust and Pidgeon’ report the solubility of 
titanium in magnesium to be 0.0025 pet at 650°C 
and 0.015 pet at 850°C. X-ray diffraction studies 
failed to detect any evidence of solid solubility. Based 
on the fact that the addition of titanium to magne- 
sium increases the c/a ratio of magnesium, Busk’ 
suggested that the Mg-Ti system, like the Mg-Zr, is 
a peritectic. Eisenreich® reported the solubility of 
titanium in magnesium to be 0.003 pct at 655°C and 
0.064 pet at 760°C. Removal of hydrogen from the 
melt increased the solubility of titanium to 0.115 pct 
at 800°C. Eisenreich proposes a peritectic-type dia- 
gram for the high magnesium side of the system. 
Recent work* with Ti-Mg diffusion couples indicate 
that the solid solubility of titanium in magnesium is 
extremely small and that there is limited solid solu- 
bility of magnesium in titanium. 

Experimental work on the Ti-Mg system is com- 
plicated by the fact that the boiling point of magne- 
sium is considerably below the melting point of tita- 
nium. Consequently, the usual alloying methods are 
impractical. Alloying was accomplished in this in- 
vestigation by sheath-rolling compressed compacts.° 

The alloys were made from titanium sponge and 
high purity magnesium. Chemical analysis of the 
sponge showed 0.04 pct Mg, <0.005 pct Al, <0.001 
pet Cu, 0.05 pet Fe, 0.022 pet Mn, <0.0025 pct Ni, 
0.007 pct Si, <0.005 pct V, and <0.01 pct Zn. 

All heat treating was conducted in a protective 
atmosphere by encapsulating the specimens in fused 
silica ampules under a partial pressure of helium. 
Equilibrium was achieved by holding the specimens 
at temperature for periods of 24 to 120 hr. The alloys 
were hot rolled, cold rolled, and annealed prior to 
solution heat treatment. 

Fig. 1 shows the constitutional diagram obtained 
for the Ti-Mg system up to 1.5 pet Mg. Oxygen was 
known to be present in the alloys; therefore, it is 
necessary to consider the alloys as ternary rather 
than binary and the diagram should be viewed as a 
plot of a section through the Ti-Mg-O system. Other 
investigators’ have shown that the addition of oxy- 
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Fig. 1—Constitutional diagram obtained for the Ti-Mg system indi- 
cates that the addition of magnesium to titanium tends to stabilize 
the 6 phase. 


gen to titanium stabilizes the a phase. The data pre- 
sented in Fig. 1 indicate that the addition of magne- 
sium to titanium tends to stabilize the 6 phase. 
Armour Research Foundation’ has shown that the 
addition of magnesium to zirconium lowers the a 
transus and is classified as a 6 stabilizer in that 
system. 

Magnesium is soluble in solid titanium to the ex- 
tent of at least 1.5 pct in both the e and 6 phases. No 
intermetallic compounds or magnesium-rich phases 
were observed either by light microscopy or X-ray 
diffraction. However, this does not negate the pos- 
sibility that such phases exist at higher alloy con- 
centrations. 
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Recrystallization Characteristics of Superpurity Base 
Al-Mg Alloys Containing 0 to 5 Pct Mg 


by E. C. W. Perryman 


The recrystallization characteristics of superpurity Al-Mg alloys containing 0 to 5 
pct Mg, cold worked 20 to 80 pct, have been investigated by determining isothermal 
softening curves and by micrographic examination. The effect of magnesium on the 
rate of nucleation and growth has been determined using the micrographic method. 


1 Be spite of the large amount of work which has 
been carried out on the recrystallization of alu- 
minum and its alloys, there has been no complete 
investigation of the recrystallization characteristics 
of Al-Mg alloys. The most complete investigation is 
that reported by Bungardt and Osswald' who, work- 
ing with commercial-purity materials, found that 
the temperature both of beginning and of complete 
recrystallization increased with magnesium content 
up to about 2 pct Mg, then decreased with a further 
increase in magnesium up to 5.0 pct, and thereafter 
increased again. Michaud and Segol’ working with 
99.93 pct Al also found the temperature of begin- 
ning of recrystallization to decrease as the magne- 
sium content increased from 2.13 pct to about 4.5 
pet. Chossat® using aluminum of 99.99 pct purity 
found that 0.12 pct Mg had no effect but that 0.4 pct 
Mg increased the recrystallization temperature by 
about 30°C. That no effect was found for 0.12 pct 
Mg does not agree with the later results reported by 
Demer and Beck* who found that 0.025 pet Mg in 
99.99 pct Al increased the time for complete recrys- 
tallization and furthermore increased the activation 
energy for the recrystallization process. Kratz’ using 
99.997 pct Al found that 0.5 pct Mg increased both 
the temperature of beginning and of complete re- 
crystallization by 100°C. Chadwick and Hooper’ 
working with commercial-purity material found 
that 1 pct Mg increased the temperature of complete 
recrystallization by about 40°C for cold reductions 
in the range 17 to 72 pct. With smaller amounts of 
cold work produced by stretching (10 pct strain), 
they found no significant effect of magnesium. The 
latter result agrees with that obtained by Williams 
and Eborall’ who found no effect of 2 pct Mg on the 
recrystallization temperature of commercial-purity 
aluminum strained 10 pct or less by stretching. 


Experimental Procedure 
Material Used: The chemical analyses of the mate- 
rials used throughout this investigation are given in 
Table I. 
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Table |. Composition of Alloys 


Mg Fe Si Cr Mn Cu 
<0.001 0.003 0.002 <0.002 <0.001 0.002 
0.003 0.001 <0.002 <0.001 0.002 
0.99 0.002 0.001 <0.002 <0.001 0.002 
1.98 0.004 0.001 <0.002 <0.001 0.002 
2.54 0.004 0.002 <0.002 ~ 0.001 0.002 
4.09* 0.003 0.002 <0.002 0.001 0.002 
5.08* 0.004 0.002 <0.002 0.001 0.003 


* Determined by wet analysis; all others determined spectro- 
graphically. 


Fabrication: The alloys were cast in iron molds 
which had been washed thoroughly with alumina. 
After scalping, the ingots were annealed for 16 hr at 
450°C, pressed, annealed at 450°C for 16 hr and hot 
rolled to 0.25 in. After hot rolling, the slabs were 
alternately annealed and cold rolled to 0.036 in. 
Cold-rolling reductions between intermediate an- 
neals were kept at about 30 pet and a high interme- 
diate annealing temperature of 450°C was used so 
as to obtain, as nearly as possible, similar starting 
grain sizes for the different materials. All interme- 
diate anneals were done in a salt bath and were fol- 
lowed by cold-water quenching so as to retain all 
the magnesium in solid solution. The final cold re- 
ductions investigated were 20, 30, 40, 50, 60, and 
80 pet. The initial grain sizes, that is, the grain size 
before the final cold reduction, were all very similar. 

Annealing Procedure: Specimens, 1 in. sq, were 
cut from the 0.036 in. sheet and annealed in a salt 
bath, the temperature of which was controlled to 
+2°C. Separate specimens were annealed for dif- 
ferent times at 350°, 375°, 400°, and in one or two 
cases at 415°C and after annealing were quenched 
in cold water. The time taken for a specimen to 
reach temperature was approximately 5 sec. Metal- 
lographic examination after annealing showed that 
no precipitation of Mg.Al, occurred during cooling. 

Procedures Used for Determining Recrystalliza- 
tion Characteristics: All specimens were electrolyti- 
cally polished and etched by the method described 
previously” and polishing was continued until about 
0.002 in. had been removed from each side of the 
specimen. Using this technique, the smallest recrys- 
tallized grain which could be observed with cer- 
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Fig. I—AI-1 pct Mg 
alloy cold worked 60 
pct. Held 1 min at 
350°C. X100. Area 
teduced approxi- 
mately 35 pct for re- 
production. 


Fig. 3—AI-1 pct Mg 
alloy cold worked 60 
pct. Held 10 min at 
350°C. X100. Area 
reduced approxi- 
mately 35 pct for re- 
production. 


tainty was about 2xl0* cm. Grain size measure- 
ments were carried out using the intercept method. 


After microscopical examination, the VHN of each: 


sample was determined. 

Measurement of Percentage Recrystallization, Rate 
of Nucleation, and Rate of Growth: Using the same 
electropolishing and etching technique, five photo- 
graphs were taken from each sample at X50 and 
the percentage of recrystallization, rate of nucle- 
ation, N, and rate of growth, G, measured by the 
method described by Anderson and Mehl.’ 


Results 

Determination of Time for Complete Recrystal- 
lization: It is well known that the rate of recrystal- 
lization decreases rapidly towards the end of the 
process. Thus, at annealing times near that for 
complete recrystallization, the major part of the 
specimen is recrystallized but there still remains a 
small part which has only recovered. A hardness 
test will not be sensitive to these very small amounts 
of unrecrystallized material, so that the time for 
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Fig. 5—Isothermal softening curves of Al-Mg alloys cold worked 60 
pct and annealed at 350°C. Open circle represents superpurity 
aluminum; open upright triangle, Al-0.5 pct Mg; square, Al-1.0 pct 
Mg; closed triangle, Al-2.0 pct Mg; open inverted triangle, Al-4.0 
pct Mg; and closed circle, Al-5.0 pct Mg. 
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Fig. 2—AI-1 pct Mg 
alloy cold worked 60 
pet. Held 2 min at 
350°C. X100. Area 
reduced approxi- 
mately 35 pct for re- 
production. 


Fig. 4—AI-1 pct Mg 
alloy cold worked 60 
pct. Held 30 min ‘at 
350°C. X100. Area 
reduced approxi- 
mately 35 pct for re- 
production. 


complete recrystallization determined by hardness 
testing alone is likely to be smaller than that deter- 
mined by microscopical examination. In drawing 
the isothermal softening curves, both hardness and 
metallographic results have been taken into account. 
Figs. 1 through 4 show the progress of recrystalliza- 
tion in an Al-1 pct Mg alloy cold worked 60 pct and 
annealed at 350°C. The tendency for new recrys- 
tallized grains to nucleate at grain boundaries can 
be seen clearly from this series of photographs, es- 
pecially Fig. 1. It will be seen also that there is a 
large tendency for groups of new grains to form. 
This was a common characteristic observed through- 
out this work. Typical isothermal softening curves 
for the different alloys cold worked 60 pct and an- 
nealed at 350°C are shown in Fig. 5. For comparison 
purposes, the hardness of the cold-worked material 
has been plotted at an annealing time of 1 sec. 
Wherever possible, the beginning of recrystalliza- 
tion is indicated on the curves; this corresponds to 
the time at which one or two nuclei about 2 to 5 
microns in size could be observed. Thus, although re- 
crystallization has started at the times indicated on 
the curves, the effect of this amount of recrystalliza- 
tion on the hardness would probably be negligible. It 
will be seen, however, that by the time this point 
has been reached there has been an appreciable 
decrease in hardness, the magnitude of which in- 
creased with increasing magnesium content and cold 
work. If the percentage of softening up to the 
beginning of recrystallization is determined, it is 
found that this is independent of magnesium con- 
tent and percentage cold reduction and has a value 
of about 30 pct. This value of 30 pct and its inde- 
pendence of cold work has been confirmed in more 
recent work’ in which the recovery process has been 
investigated more thoroughly. The percentage of 
softening is given by 


Hew —H, 


where H,,, is the hardness of cold-worked material, 
H, is the hardness after annealing time t, and H,, is 
the hardness of completely recrystallized material. 
It should be noted that, while the percentage of sof- 
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tening mentioned previously is due to recovery, it 
has been shown by Perryman” that in superpurity 
aluminum further softening due to recovery takes 
place at the same time as recrystallization and it 
will be shown later that this also occurs for Al-Mg 
alloys. 

The time for complete recrystallization was found 
to increase with magnesium content up to about 1.5 
pet Mg and then decrease. A typical set of curves is 
shown in Fig. 6 for an annealing temperature of 
350°C; similar curves were obtained at 375° and 
400°C. Fig. 7 shows typical curves obtained by plot- 
ting the logarithm of the time for complete re- 
crystallization against percentage of cold reduction; 
similar curves were obtained for the other alloys 
‘ investigated. The linear relationship at large amounts 
of cold work agrees with Cook and Richards” results 
on copper. 

At times for which the amounts of reaction are 
equal, the dependence of rate, r, on temperature can 
be expressed by the Arrhenius equation 


Using this equation, the logarithm of the reciprocal 
of the time for complete recrystallization was plotted 
against the reciprocal of the absolute temperature. 
Typical plots are shown in Fig. 8 for an Al-2.5 pct 
Mg alloy. From these plots, the activation energy 
and the recrystallization temperature for a 30 min 
anneal were determined. Figs. 9 and 10 show the 
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Fig. 6—Time for complete recrystallization of Al-Mg alloys 
containing 0 to 5 pct Mg at 350°C. Closed triangle represents 
20 pct cold work; square, 30 pct cold work; open triangle, 
40 pct cold work; closed circle, 50 pct cold work; X, 60 pct 
cold work; and open circle, 80 pct cold work. 
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activation energy as a function of magnesium con- 
tent and cold work, respectively. Similar curves 
were obtained for the recrystallization temperature. 
For superpurity aluminum, it appears that both 
these parameters are proportional to the amount of 
cold work. However, consideration of these results 
and those of Williams and Eborall’ shows that the 
curve departs from linearity at about 10 pct cold 
work. The curves for the 0.5, 1, and 2 pct Mg alloys 
depart from linearity at about 30 to 40 pct cold re- 
duction. It appears from Fig. 10 that the activation 
energy of the Al-Mg alloys increases with decreas- 
ing cold work more rapidly than with superpurity 
aluminum. 

The activation energy which has so far been de- 
termined is that for the complete annealing process. 
From the isothermal softening curves, the activation 
energy was determined also at low degrees of sof- 
tening where it was known by microscopical exami- 
nation that recrystallization had not started; this 
would be the activation energy for recovery. For 
material cold worked 20 pct, the activation energy 
was found to be 33,000 and 25,000 cal per gram- 
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Fig. 7—Variation of time for complete recrystallization with 
percentage of cold reduction. Solid line and circle represent 
superpurity aluminum annealed at 350°C; solid, dashed line 
and circle, superpurity aluminum annealed at 375°C; dashed 
line and circle, superpurity aluminum annealed at 400°C; 
solid line and triangle, Al-2.0 pct Mg annealed at 350°C; 
solid, dashed line and triangle, Al-2.0 pct Mg annealed at 
375°C; and dashed line and triangle, Al-2.0 pct Mg annealed 
at 400°C. 


FEBRUARY 1955, JOURNAL OF METALS—371 


\ 
\ 
© \ 
a f4 Ve 
a \ 
\ 
\ A 
\ ‘ 4 
4 
a 
A 4 ° 
\ No Xd 
\ 
4 b No \ 
\ 
x x \ \ 
A A NG 
\ 
5 ON \ 
100} 
‘o 
10 
0 20 40 60 80 
| 


atom for superpurity aluminum and a 1 pct Mg 
alloy, respectively. Thus, it appears that 1 pct Mg 
decreases the activation energy for recovery but in- 
creases the activation energy for recrystallization 
which is in agreement with the work of Varley.” 
Grain Size: The as-recrystallized grain size de- 
creased with increasing magnesium content and 
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Fig. 8—Times and temperatures for complete recrystalliza- 
tion, Al-2.5 pct Mg alloy. Solid line and circle represent initial 
grain size =~ 250; and dashed line and X, initial grain size 
= 60x. 
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Fig. 9—Actiyation energy for the complete recrystallization 
process as a function of magnesium content, Closed triangle 
represents 20 pct cold work; square, 30 pct cold work; open 
triangle, 40 pct cold work; closed circle, 50 pct cold work; 
X, 60 pct cold work; and open circle, 80 pct cold work. 
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percentage of cold reduction and, within the ex- 
perimental error, was independent of the annealing 
temperature. This independence of temperature 
agrees with the results of Eastwood et al.” but con- 
tradicts those of Demer and Beck.‘ Fig. 11 shows 
the grain size as a function of magnesium content. 
No sharp change in the curves at 30 to 40 pct cold re- 
duction was observed as was found for recrystalliza- 
tion time, recrystallization temperature, and activa- 
tion energy. Figs. 12 through 15 show the variation 
of grain size with magnesium content and also 
reveal the tendency for the grain structure to be- 
come more equiaxed with increasing magnesium 
content. 

Channon and Walker™ have shown that for a brass 
the logarithm of the as-recrystallized grain size is 
proportional to the square root of the percentage of 
cold reduction. Within the limits of experimental 
error either this relation or the simpler one, loga- 
rithm of the grain size is proportional to percentage 
of cold reduction, can be fitted to the experimental 
results reported here, see Fig. 16. 

Effect of Initial Grain Size: The effect of initial 
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Fig. 10—Activation energy as a function of percentage of cold re- 
duction. Closed circle represents superpurity aluminum; closed square, 
Al-0.5 pct Mg; open circle, Ai-1 pct Mg; open triangle, Al-2 pct 
Mg; X, Al-2.5 pct Mg (large initial grain size); dashed line and 
half-closed circle, Al-2.5 pct Mg (fine initial grain size); open 
square, Al-4 pct Mg; and encircled cross, Al-5 pct Mg. 
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Fig. 11—As-recrystallized grain size as a function of mag- 
nesium content. Closed circle represents 20 pct cold work; 
X, 30 pct cold work; open circle, 40 pct cold work; open tri- 
angle, 50 pct cold work; closed triangle, 60 pct cold work; 
and closed square, 80 pct cold work. 
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grain size was investigated using the 2.5 pct Mg 
alloy. Isothermal annealing curves were obtained as 
before and the time for complete recrystallization 
determined, and the activation energy and recrys- 
tallization temperature calculated. The results are 
given in Table II and are included in Figs. 8 and 10. 

The time for complete recrystallization, recrystal- 
lization temperature, activation energy, and as- 
recrystallized grain size are all smaller for the mate- 
rial with a fine initial grain size. It appears also 
from Table II that this effect of initial grain size 
increases with decreasing percentage of cold reduc- 
tion, it being small at 60 pct. These results are in 
agreement with those of Channon and Walker” on 
brass, of Laurent and Batisse” on aluminum, and of 
Williams and Eborall’ on aluminum and its alloys. 

Micrographic Measurements of Percentage of Re- 
crystallization, Rate of Nucleation, N, and Rate of 
Growth, G: From the electrolytically etched samples, 
five photographs were taken at random from each 
sample at a magnification of either X50 or X100. 
The new recrystallized grains were slightly lenticu- 
lar in shape and so both the maximum and minimum 
diameter of the largest grain visible, which had not 
impinged upon another growing grain, was meas- 
ured. Next, the number of recrystallized grains per 
unit area was counted and then the combined area 
of the recrystallized grains was measured using a 
planimeter. Measurements were made on super- 
purity aluminum and the 0.5, 1.0, and 4.0 pct Mg 
alloys cold worked 20 and 60 pct and annealed at 

Measurement of Percentage of Recrystallization— 
The isothermal recrystallization curves are shown 
in Fig. 17. It is interesting to note that the slopes of 
all these curves are very similar and can be super- 
imposed simply by a shift along the time axis. The 
percentage of softening as a function of percentage 
of recrystallization is shown in Fig. 18. As observed 
for superpurity aluminum,” the softening is more 
rapid in the early stages of recrystallization which 
is probably due to the fact that recovery and recrys- 
tallization are proceeding together; once recovery 
has finished, there is a linear relationship. These 
results do not support the conclusions of Varley” 


Fig. 12—Effect of 
magnesium as- 
recrystallized grain 
size of Al-Mg alloys. 
Superpurity alumi- 
num; 40 pct cold 
reduction and an- 
nealed at 350°C. 
X50. Area reduced 
approximately 35 pct 
for reproduction. 


Fig. 14—Effect of 
magnesium as- 
recrystallized grain 
size of Al-Mg alloys. 
Al-2.5 pct Mg; 40 
pct cold reduction 
and annealed at 
350°C. X50. Area re- 
duced approximately 
35 pct for reproduc- 
tion. 
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Table Il. Effect of Initial Grain Size on Recrystallization of 
Al-2.5 Pct Mg Alloy 


As-Re- 
Recrystalli- Activation crystallized 
Pet Initial zation Energy, Grain 
Cold Re- Grain Size, Tempera- Keal per Size, 
duction Microns ture, °C Gram-Atom Microns 
20 262 401 85 205 
40 210 375 58 120 
60 251 340 49 60 
20 58 378 57 110 
40 63 350 56 60 
60 72 333 50 50 


who found that the percentage of softening was a 
linear function of percentage of recrystallization 
right from the beginning. The discrepancy between 
Varley’s results and those presented here is probably 
because of the relatively inaccurate X-ray method 
he used for determining the percentage of recrystal- 
lization. 

Measurement of Growth Rate, G—Fig. 19 shows 
the longest dimension of the largest grain as a func- 
tion of annealing time at 350°C for superpurity alu- 
minum and the alloys containing 0.5, 1.0, and 4.0 pet 
Mg. Curves of similar shape were obtained when 
the shortest dimension of the largest grain was 
plotted. It is interesting to note that there is no 
measurable incubation period and that the depar- 
ture from linearity occurs at very small amounts of 
recrystallization, in general, at less than 10 pct re- 
crystallization. These observations have been con- 
firmed in more recent work’ on superpurity alumi- 
num. It is commonly supposed that the departure 
from linearity is because of impingement with other 
grains; this seems rather doubtful considering the 
very small amount of recrystallization which has 
occurred when this takes place. The growth rate 
measurements are summarized in Table III. 

For a given amount of cold work, 0.5 pct Mg 
decreases the rate of growth considerably but fur- 
ther additions of magnesium have little effect. It 
does appear that the rate of growth is larger for the 
4 pct than the other Al-Mg alloys. This will be dis- 
cussed later. Increasing amounts of cold work in- 


Fig. 13—Effect of 
magnesium as- 
recrystallized grain 
size of Al-Mg alloys. 
Al-1.0 pct Mg; 40 
pet cold reduction 
and annealed at 
350°C. X50. Area re- 
duced approximately 
35 pct for reproduc- 
tion. 


Fig. 15—Effect of 
magnesium on _  as- 
recrystallized grain 
size of Al-Mg alloys. 
Al-5.0 pct Mg; 40 
pet cold reduction 
and annealed at 
350°C. X50. Area re- 
duced approximately 
35 pct for reproduc- 
tion. 
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crease the rate of growth G. It is interesting to note 
that the rate of growth in the short direction is in 
all cases smaller than that in the long direction but 
that the difference is much greater for superpurity 
aluminum than for the Al-Mg alloys. Also, the dif- 
ference is smaller for 20 pct cold reduction than for 
60 pct cold reduction. These results help to explain 
why the grain structures in the Al-Mg alloys were 
more equiaxed. To investigate this point a little 
further, glancing-angle X-ray photographs were 
taken from the cold-worked specimens. For any 
given material, it was found that the texture was 
stronger for high than low amounts of cold work 
and furthermore was much stronger for superpurity 
aluminum than the Al-Mg alloys. The foregoing re- 
sults therefore can be explained by orientation 
effects. 

Measurement of Nucleation Rate—The measure- 
ment of N is a very difficult and time-consuming 
process for three-dimensional recrystallization, that 
is, when the thickness of the sheet is greater than 
the recrystallized grain size. However, Phillips and 
Phillips” working with heavily cold-worked copper 
found that the ratio of the number of spherical 
grains per unit volume to the number of grains per 
unit area was almost constant for all the materials 
they investigated which indicates that, for a quali- 
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Fig. 16—Relationship between as-recrystallized grain size and 
percentage of cold reduction. Closed circle represents super- 
purity aluminum; X, Al-0.5 pct Mg; open circle, Al-1.0 pct 
Mg; open triangle, Al-2.0 pct Mg; closed square, Al-2.5 pct 
Mg; open square, 4.0 pct Mg; and open triangle, Al-5.0 pct 
Mg. 
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Fig. 17—Isothermal recrystallization curyes at 350°C. Open tri- 
angle represents superpurity aluminum, cold worked 60 pct; closed 
circle, Al-0.5 pct Mg cold worked 60 pct; X, Al-1 pct Mg cold 
worked 60 pct; open square, Al-1 pct Mg cold worked 20 pct; and 
open circle, Al-4 pct Mg cold worked 60 pct. 
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Table Ill. Growth Rate Measurements on Al-Mg Alloys Cold 
Worked 20 and 60 Pct and Annealed at 350°C 


Gi Short 
Direction, 


Percentage Gu 
of Cold Long Direction, 


Alloy Reduction Cm per Sec Cm per Sec 

Superpurit 

60 15x10-4 2.3x10-4 
Superpurity 

aluminum 20 2.6x10-4 1.0x10-4 
Al-0.5 pct Mg 60 1.8x10-4 1.1x10-4 
Al-1.0 pet Mg 60 1.2x10-4 0.7x10-4 
Al-1.0 pet Mg 20 0.2x10—+ 0.2x10-4 
Al-4 pet Mg 60 2.5x10-4 —_ 


tative comparison, it is sufficient to measure the : 
planar rate of nucleation. Furthermore, Reiter™ has 
recently shown that for a low carbon steel a quanti- 
tative comparison can be made using the planar rate 
of nucleation. 

The number of new recrystallized grains per 
square centimeter as a function of annealing time is 
shown in Fig. 20. Straight lines have been drawn 
through the initial points because later work’ has 
shown that this part of the curve is linear. It is in- 
teresting to note the decrease in the number of 
grains per square centimeter which occurs at about 
50 to 60 pct recrystallization. As can be seen micro- 
graphically, this is due to primary grain growth 
within the recrystallized areas. To determine the 
rate of nucleation, the slopes of the curves in Fig. 
20 at any time period was determined and this 
divided by the fractional area of unrecrystallized 
matrix at the same time period gave the rate of 
nucleation N. N as a function of annealing time at 
350°C is shown in Fig. 21. The rate of nucleation is 
high from the very beginning of recrystallization 
and then either remains constant for a short time 
and decreases or decreases immediately. Similar 
results have been obtained on superpurity aluminum 
cold worked 20 pct’ and also by Phillips and Phil- 
lips” on copper. It is interesting to note that addi- 
tions of magnesium up to 1 pct have only a very 
small effect on the rate of nucleation compared with 
that of a 4 pct Mg addition. 

Kinetics of Recrystallization—A complete discus- 
sion of the kinetics of recrystallization has been 
given recently by Burke and Turnbull” and it is 
only intended here to refer briefly to the various 
theories. Johnson and Mehl” and Avrami” have 
presented equations based on the nucleation and 
growth hypothesis. These two treatments differ 
only in their assumptions as to how the rate of nu- 
cleation N varies with time. Anderson and Mehl* 
showed that, for lightly strained aluminum, N = ae” 
where a and b are constants. Avrami, on the other 
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Fig. 18—Percentage of softening as a function of percentage of re- 
crysta!lization. Closed triangle represents AI-0.5 pct Mg cold 
worked 60 pct, 350°C; open triangle, Al-1 pct Mg, cold ‘worked 
60 pct, 350°C; open circle, Al-1 pct Mg cold worked 20 pct, 350°C; 
and closed circle, Al-4 pct Mg cold worked’60 pct, 350°C. 
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DIAMETER OF LARGEST GRAIN (MICRONS) 
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Fig. 19—Diameter of largest grain as a function of annealing time 
at 350°C, 60 pct cold work. Open triangle represents superpurity 
aluminum; encircled cross, Al-0.5 pct Mg; square, Al-1 pct Mg; 
and open circle, Al-4 pct Mg. 
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Fig. 20—Number of grains as a function of annealing time at 
350°C, 60 pct cold work. Triangle represents superpurity 
aluminum; square, AI-0.5 pct Mg; encircled cross, Al-1 pct 
Mg; and open circle, Al-4 pct Mg. 


hand, says that there pre-exists in the cold-worked 
material a certain number of preferred nucleation 
sites which may be suitably oriented subgrains or 
areas of high lattice curvature. During recrystalli- 
zation, these sites are used up and he concludes that 
the rate of nucleation decreases with time. Assum- 
ing that the rate of growth is isotropic, this leads 
Avrami to the following equation for the kinetics of 
recrystallization 

x= 1—e-3" 
where B and k are constants and «x is the fraction 
recrystallized. k depends upon the shape of the re- 
crystallization nuclei and should have the following 
values 


Three dimensional 3=k=4 
Two dimensional 2S 


By plotting loglog 1/1—z against log t, the values of 
k can be determined from the slope of the resultant 
straight line. This has been done for the isothermal 
recrystallization curves determined micrographically 
and also for some of the isothermal softening curves, 
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Fig. 21—Rate of nucleation as a function of annealing time at 
350°C. Note change of time scale for 1 pct Mg cold worked 20 pct. 
Open circle represents superpurity aluminum cold worked 60 pct; 
upright triangle, Al-0.5 pct Mg cold worked 60 pct; square, Al-1.0 
pct Mg cold worked 60 pct; inverted triangle, Al-4.0 pct Mg cold 
worked 60 pct; and closed circle, Al-1.0 pct Mg cold worked 20 pct. 
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Fig. 22—Log 1/1-—x as a function of t for Al-1 pct Mg alloy 
cold worked 20 pct and annealed at 350°C. 


using Fig. 26 to convert the hardness value into per- 
centage of recrystallization. The results from the 
isothermal recrystallization curves are given in 
Table IV. 

Using the isothermal softening curves, values of k 
varying between 1.2 and 1.8 were obtained. These 
values agree with later work’ and also with that of 
other workers who have used rolled material, see 
Table V. 

The values of k for rolled material are lower than 
would be expected from Avrami’s theory but are 
consistent if N and/or G decrease with time. Two 
alternative theories both of which are independent 
of N and G have been proposed by Krupkowski and 
Balicki* and Cook and Richards.” The first is based 
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on the assumption that recrystallization is a first- 
order reaction and gives Avrami’s equation with 
dk 

Cook and Richards have postulated a two-stage 
process such that recovery must occur first and that 
when recrystallization starts it is confined to the 
part of the material which has recovered. It is as- 
sumed that recovery is a first-order rate process and 
for short times the fraction recovered is directly 
proportional to annealing time. This leads to the 
same equation as Avrami’s with k = 2. Thorley” 
has used the same basic concepts as Cook and Rich- 
ards but without assuming that the fraction re- 


covered is proportional to annealing time. This 
leads to the following equation 
1 

In =A[t+— (e*’—1)] [2] 
B 


where A and 6 are constants both dependent on 
temperature. If t is large, e*’ > 0 and Eq. 2 becomes 


In 


=A (t— to) [3] 
where t, = 1/8. Thus by plotting log 1/1—x against 
t, the constants A and t, can be determined. A typi- 
cal plot is shown in Fig. 22. The theoretical curves 
calculated from Avrami’s Eq. 1 and Thorley’s Eq. 2 
are shown in Fig. 23. The agreement with the ex- 
perimental results is reasonably good. A more com- 
plete investigation’ of the kinetics of recrystalliza- 
tion of superpurity aluminum has shown that the 
agreement between the foregoing two theoretical 
equations and the experimental results is much bet- 
ter than Fig. 23 would indicate. 


Discussion of Results 

The results show that, for any percentage of cold 
reduction between 20 and 80 pct, the time for com- 
plete recrystallization, recrystallization temperature, 
and activation energy increases from 0 to about 1.5 
pet Mg and then decreases from 1.5 to 5.0 pct Mg. 
This agrees with the observations on commercial- 
purity base alloys made by Bungardt and Osswald’ 
who found a maximum in the curve at about 1.5 pct 
Mg. Beck* who investigated superpurity base alloys 
containing 0.025, 0.12, and 2.05 pct Mg also found 
that magnesium increased the time for complete re- 
crystallization and that the activation energy was 
increased from 44 to 51.5 keal per gram-atom by 
0.12 pct Mg. The maximum difference in recrystal- 
lization temperature between superpurity aluminum 
and the 1 pet Mg alloy was found to be about 45°C. 
This should be compared with a difference of about 
10°C found by Bungardt and Osswald' for 50 pct cold 
reduction and 100°C found by Kratz’ for a 0.5 pct 
Mg alloy cold worked 70 and 90 pct. In both cases, 
the percentage of cold reduction is sufficiently high 
for the results to be little affected by variations in 
initial grain size. This difference in magnitude of 
the effect of magnesium on the recrystallization 
temperature can be accounted for by the difference 
in base metal purity used in the different investiga- 
tions. Bungardt and Osswald’ used commercial- 
purity (0.387 pet Fe and 0.20 pct Si) aluminum, 
Kratz’ used 99.997 pct Al, and throughout the work 
described here 99.993 pct purity aluminum was 
used. It is well known that very small amounts of 
impurities in solid solution increase the recrystalli- 
zation temperature, so that if an element, such as 
magnesium which increases the recrystallization tem- 
perature, is used, it is evident that its effect will be 
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far more marked when the impurity content of the 
base metal is low than when it is high. 

The decrease in recrystallization temperature over 
the range 1.5 to 5.0 pct Mg has been attributed to 
the increased strain hardening resulting from the 
magnesium additions. On the other hand, the strain 
hardening also increases from 0 to 1.5 pct Mg in 
which range the recrystallization temperature in- 
creases. This suggests that there are two effects 
working in opposition to one another. If strain hard- 
ening is the effective agency in decreasing the re- 
crystallization temperature, then, by comparing the 
effect of magnesium at the same hardness value in- 
stead of at the same percentage of cold reduction, 
an increase in the recrystallization temperature over 
the complete range of magnesium content should be 
found. That this is so is shown by Fig. 24 where the 
recrystallization temperature is plotted against the 
hardness of the as-cold-worked material. Similar 
curves were obtained for the activation energy. The 
same type of observation was made by Laurent and 
Batisse” who found that, if aluminum was strained 
in liquid nitrogen to the same amount as at room 
temperature, the material treated at low tempera- 
ture recrystallized first; if, however, the material 
was strained in liquid nitrogen to the hardness at- 
tained by straining at room temperature, then the 
low temperature material recrystallized last. Thus 
it appears that strain hardening is playing an im- 
portant role in the recrystallization of alloys con- 
taining more than 1.5 pet Mg and that some other 
factor is overcoming this at smaller magnesium con- 
tents. From the nucleation and growth measure- 
ments, it will be seen that the rate of growth, G, is 
reduced by a factor of about 6 by the addition of 
0.5 pet Mg but is little affected by further increase 
in magnesium. On the other hand, the rate of nucle- 
ation at 20 pct recrystallization is little affected by 
magnesium up to 1 pet Mg but increases markedly 
with larger magnesium contents, increasing by a 
factor of about 18 for 4 pct Mg, see Fig. 25. Thus, 
at about 1.5 pct Mg the rates of growth and nucle- 
ation are at a minimum, thus explaining the maxi- 
mum in time for complete recrystallization ete. at 
1.5 pet Mg. The small increase in rate of growth, G, 
with magnesium contents greater than 1.5 pct Mg is 
probably a result of the increased strain hardening. 
Why adding magnesium decreases G is not clear. It 
is well Known that the rate of strain hardening in- 
creases with increasing magnesium and if, as is gen- 
erally assumed, the strain energy is the driving force 
for grain growth, this would lead to an increase in 
growth rate with magnesium content. Therefore, 
there must be some other factor which is having a 
greater effect than that of strain energy and in the 
opposite sense. Thére is practically no information 
on the effect of foreign atoms in solid solution on G 
and so any explanation must be hypothetical. The 
fact that G is affected by very small additions does 
suggest the possibility that segregation of solute 


Table IV. Values of Avrami’s Constant k 


Alloy k 


Superpurity aluminum, 60 pet CW* 1 
Al-0.5 pet Mg, 60 Pct CW 1.6 
Al-1 pet Mg, 60 pet CW 1.4 
Al-4 pet Mg, 60 pct CW 13 
Al-1 pet Mg, 20 pet CW 156 
Superpurity aluminum, 20 pct CW 


* CW stands for cold worked. 
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Table V. Summary of Avrami’s Constant k 


Purity, Method of Method of Number of 
Reference Pet Observation Deformation . Curves k 
Anderson and Mehls 99.95 Micrographic 5,10,15 pct strain 8 4.5 to 7.5 
Anderson and Mehls 99.97 Micrographic 2'to 10 pet strain 6 4.5 to 5.5 
Anderson and Mehls 99.97 Micrographic Rolled 90 pet i 1.7 
Anderson and Mehls 99.98 Micrographic 5 pet strain 2 3.3 
Varley es 99.4 Tensile strength Rolled 3 1.3 to 1.5 
Laurent and Batisse! 99.35 Hardness 10 to 30 pct strain 24 0.95 to 1.35 
Laurent and Batissel 99.991 Hardness 10 to 25 pet strain 14 1.65 to 2 
Perryman? | 99.993 Micrographic Rolled 20 pet 4 1.40 to 1.43 
Marchand?22 Al-Mn Micrographic Rolled 20 and 40 pct 1 1.66 


atoms at the advancing boundary may be playing a 
part. To explain the effect of magnesium on the rate 
of nucleation is even more difficult, for what consti- 
tutes a nucleus is still unknown. It has been sug- 
gested that the subgrains which are observed di- 
rectly after cold working may represent the germ 
nuclei. The results here do not seem to support this 
contention, for Perryman” has shown that 1 pct Mg 
markedly reduces the subgrain size which, on the 
foregoing hypothesis, would lead to increased rate 
of nucleation. It would seem that the increase in 
strain hardening brought about by magnesium is 
the more likely explanation. Thus, it would seem 
that regions of high lattice curvature are the more 
likely sites for nucleation which is in keeping with 
the fact that recrystallization nuclei are preferen- 
tially formed at grain boundaries and that there is 
no incubation period. 

Decreasing amounts of cold work have been shown 
to increase the recrystallization temperature, time 
for complete recrystallization, and activation energy, 
the increase being linear down to 20 pct cold reduc- 
tion for superpurity aluminum and 30 to 40 pct cold 
reduction for Al-Mg alloys. With lower amounts of 
cold work, these same parameters increase much 
more rapidly than the straight-line relationship 
would indicate. The measurements of N and G have 
shown that for a 1 pct Mg alloy N is lowered by a 
factor of about 330 times when the percentage of 
cold reduction is decreased from 60 to 20 pct while 
G only decreases by a factor of about 6 times. This 
indicates that the rapid increase in recrystallization 
temperature at low amounts of cold work is a result 
of the large decrease in N. Support for this is given 
by the fact that, if the initial grain size is decreased 
thus increasing the grain boundary area and so the 
rate of nucleation, the rapid rise in recrystallization 
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ANNEALING TIME (SECS.) 

Fig. 23—Calculated recrystallization-time curves for 350°C anneal. 
Dotted line represents data calculated from Avrami’s equation 
x = 1 —ext*; solid line, data calculated from Thorley’s equation 
log 1/1 = A[t + (1/8) (e*'—1)]; X, experimental points Al-1 
pct Mg alloy rolled 60 pct and annealed at 350°C; encircled cross, 
experimental points Al-1 pct Mg alloy rolled 20 pct and annealed 
at 350°C; and closed circle, experimental points superpurity alumi- 
num alloy rolled 60 pct and annealed at 350°C. 
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temperature occurs at smaller amounts of cold work, 
see Fig. 10. 

The results reported here on the effect of initial 
grain size are in agreement with those of other 
workers in that a reduction in initial grain size de- 
creases the recrystallization temperature. It has 
been shown” * that, when a polycrystalline aggre- 
gate is plastically deformed, a shear gradient exists 
at the grain boundaries. This explains why recrys- 
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10 40 50 80 90 700 20 130 
VICKERS HARDNESS OF COLD WORKED MATERIAL 2'%Ke./ 30 SECS. 
Fig. 24—Recrystallization temperature as a function of hardness of 
cold-worked material. Open circle represents superpurity alumi- 
num; X, Al-0.5 pct Mg; closed circle, Al-1.0 pct Mg; open square, 
Al-2.0 pct Mg; open triangle, Al-2.5 pct Mg; closed triangle, Al-4.0 
pct Mg; and closed square, Al-5.0 pct Mg. 
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% MAGNESIUM 


Fig. 25—Rate of nucleation and growth as a function of mag- 
nesium content. Triangle represents rate of growth G; circle, 
rate of nucleation N; and square, N/G. 
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Some Aspects of the Crystallization and Recrystallization of 
Vapor-Deposited Vitreous Selenium 


| 
/ersnyder 


Observations of the microstructural changes on metallographically prepared cross-sec 
tional specimens of brominated vapor-deposited vitreous selenium, as well as free-surface 
specimens, as a function of heat treatment have been made. Comments on the microstruc 
tural mode of crystallization of vitreous selenium and on the recrystallization phenomenon 
of hexagonal selenium as observed are advanced. 


apparent dependency of the electrical char- 
acteristics of hexagonal crystalline selenium on 
microstructure has aroused much interest in micro- 
scopical studies of selenium. Microscopic observa- 
tions on the crystallization of selenium have be 
made by Escoffery and Halperin, P. H. Keck,’ an 
other investigators. It is the purpose of this pape 
to discuss the microstructural changes observed 
polished cross-sections of single layers of selenium 
after various heat treatments. 
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Observations 
also made on crystallization of the free-surface 
of these deposits. In general, all of the tran 
tions studied were either transformations of 
reous selenium to hexagonal selenium or 
structural transformation of the hexagonal se 
itself. 


Procedure 

The selenium used in this work was obtaine 
the American Smelting and Refining Co. and was 
approximately 99.96 pct pure. An intenti 1 i 
purity of 1 part per 2,000 of bromine was added 
the material prior to evaporation. 

A thickness of approximately 0.002 in. of thi 
selenium was vapor deposited on an aluminum bas 
plate. The maximum plate temperature durin 
vacuum vapor deposition was 140°C. 

Mounting of the cross-sectional specimens f 
metallographic study could not be done in plasti 
mounting media, as is customary, since temp 
in excess of 50°C would cause unwanted t 
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All grinding operations were then done 
by hand in order that the specimen not become 
heated during this operation. 

Wet polishing was done on the conventional me- 
tallographic polishing laps, using successively finer 
grinding powders. An extremely careful polish 
necessary, since observation and micrograp 
the specimens are done in the unetched condition 
under polarized light. 

The two observations of crystallization mad 
the free surface of vitreous selenium dep ( 
4 and 5) were made on surfaces which were n 
dicular to the cross-sections studied. These free- 
surface layers were examined directly, ie., no pre 
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vious metallographie preparation, as obtained from 
the vaciiim vapor deposition 


Microscopie Observations 

A study was made of polished cross-sections of 
the vitreoiis selenium as-deposited, It was noted 
that in all cases there was columnar crystallization 
adjacent to the base plate, which appeared to occur 
during the vacuum deposition process, This obser- 
vation has also been made by Keek,’ It also was 
observed that vagrant spherulitie erystallization oc- 
“vagrant” 
is used, since these spherulitie grains appear to crys-~ 
tallize at random throughout the vitreous selenium 
during the vacuum deposition process, Columnar 
crystallization at the Al-Se interface and a typical 
spherulite observed in a polished cross-section of 
as-deposited” vitreous selenium may be seen in 
g. 1, 
ross-sectional samples of vitreous selenium stud- 
ied after heat treating individual samples for 20 
min in 10° steps from 80° to 220°C revealed that 
cry stallization—in this ease, columnar crystal growth 


eurred in the vitreous selenium, The term 


Fi 


Qe 


proceeds from the aluminum base plate to the sur- 
face of the specimen (Fig, 2), Crystallization was 
microscopically observed to be complete after the 
°C heat treatment, Visual examination of the 
surface of the specimen after the 130°C heat 


Ww 
oo x 
“= 


g 


tment revealed the readily recognizable grey 
appearance of the completely crystallized selenium, 
i corroboration of the microstructural observations. 
jo microstructural transformations then appeared 
o take place between 130° and 190°C. At 190°C the 
beginning of recrystallization appeared and pro- 
ceeded until the colurnnar grain structure had been 
ompletely transformed to equiaxed grains between 
10° and 220°C (Fig. 2). Naturally, the grain size 
f the recrystallized grains at the lower tempera- 


tures (190° to 210°C) was smaller than is iJlustrated 


In addition, polished cross-sections of deposits 
heat treated at 140°C for 10 min to cause complete 
crystallization and, subsequently, heat treated in 
10° steps from 80° to 220°C for 20 min were studied. 
As expected, no microstructural 
took place until the beginning of recrystallization 
as observed at 190°C. A comparison with the pre- 
usly studied specimens revealed that recrystal- 


transformations 


lization proceeded almost identically in the two ex- 
periments although in the first case the deposits 
were vitreous prior to the series of heat treatments 
and in the second case they had been crystallized by 
a previous heat treatment. By heat treating for 
longer times (180 min) at lower temperatures, the 
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Fig. 1—Unetched. Polarized light. X500. 
Area reduced approximately 25 pct for re- 
production. 


for reproduction. 


beginning of recrystallization was noted at the low- 
est temperature studied (180°C). 

Crystallization in the free-surface layer of a vit- 
reous deposit was induced on the metallographic 
stage by utilizing the heat from the illuminating 
source, after it had passed through the optics of the 
metallograph, and by controlling its intensity by 
opening and closing the aperture diaphragm. The 
illuminating source employed was a 10 amp ap- 
proximately 3820°K color temperature carbon-arc 
lamp, standard equipment of the Bausch and Lomb 
research metallograph. No exact determination of 
the temperature of the area heated in this manner 
was attempted. On a specimen whose free surface 
was as-deposited, spherulitic crystals nucleated and 
grew. The micrographs of Fig. 4, taken at several 
cumulative time periods, illustrate this spherulitic 
germination and growth. 

Subsequently, the free surface of a vitreous sam- 
ple ‘“‘as-deposited”’ was disturbed by drawing a fore- 
finger across the surface and then inducing crystal- 
lization on the microscope stage. Micrographs were 
taken again at several cumulative time periods, four 
of which are shown in Fig. 5. In this case, many 
small nuclei were formed and the grains grew in a 
rather uniform fashion so that the resulting granu- 
lar structure was composed of rather uniform grains. 
It is interesting to note the directional bands of 
grains, readily observable in the early time periods, 
which are the result of disturbing the surface. In 
this case, the only spherulitic grain shown was one 
already present in the “as-deposited” material and 
which was included in the field of observation as a 
reference point. 

Discussion 

It was observed that a layer of columnar crystals 
was present in most of the vitreous selenium de- 
posits. It was observed also that during crystalliza- 
tion the grains grew in a columnar fashion from the 


Fig. 2—Columnar growth proceeding from 
aluminum base plate towards free surface 
of specimen. Heat treated at 110°C for 20 
min. Polished cross-section, polarized light. 
X500. Area reduced approixmately 25 pct 


Fig. 3—Recrystallized structure after heat 
treatment of vitreous selenium at 220°C 
for 20 min. Polished cross-section, polarized 
light. X500. Area reduced approximately 
25 pct for reproduction. 


base plate to the surface. The presence of the col- 
umnar crystals at the Al-Se interface is in agree- 
ment with the explanation by Keck’ that this crys- 
tallization is a function of the time-temperature 
conditions of deposition. Since, in most deposits, 
there is a columnar crystallization at the Al-Se 
interface in the vitreous state, it would be expected 
that the growth of the crystals would proceed pre- 
dominantly in a columnar fashion from the base 
plate to the surface. Growth of the vagrant spher- 
ulitiec crystals also occurs during the heat treatment 
for crystallization of the vitreous selenium; there- 
fore, the crystallization of vitreous selenium is not 
solely columnar growth from base plate to surface. 

In order that recrystallization of the columnar 
structure may occur, it is necessary for a certain 
amount of strain to be present in the granular sys- 
tem. In this case, then, there must be strains which 
provide sites of high energy in the columnar forma- 
tion in order that it may recrystallize on subsequent 
heat treatment. It is visualized that this strain is 
induced in the columnar grain formation during the 
crystallization and growth of these columnar grains. 
Since there is a constant volume of vitreous selenium, 
there must be an unequal change in volume from 
the Al-Se interface to the surface of the selenium 
during crystallization. It is known that the crystal- 
lization of vitreous selenium causes a marked vol- 
ume change;’ and since the selenium is firmly affixed 
to the aluminum plate, the volume change must 
spread throughout the bulk of the selenium layer, 
perhaps becoming greatest at the surface. The strain 
then provides the sites for the nucleation of the 
strain-free or recrystallized grains. 

This view is strongly supported by the evidence of 
the sensitivity of vitreous selenium to disturbance 
and its subsequent effect on crystallization charac- 
teristics. This is illustrated by the two studies made 
on the surface crystallization of vitreous selenium, 


b—30 sec. 


a—As deposited 


c—1.5 min. d—4 min. 


Fig. 4—Crystallization on free surface of undisturbed vitreous selenium.Polarized light. X500. Area reduced approximately 10 pct for repro- 


duction. 
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a—As deposited. b—15 sec. 


c—30 sec. d—1 min. 


Fig. 5—Crystallization on free surface of disturbed vitreous selenium. Polarized light. X500. Area reduced approximately 10 pct for reproduc- 


tion. 


where spherulites grew in the undisturbed; but 
many fine equiaxed grains nucleated and grew in 
the disturbed surface. 


Conclusions 

From the foregoing microscopic observations on 
vacuum vapor-deposited vitreous selenium, under 
the conditions stated, the following statements may 
be made: 

1—Columnar crystallization of the brominated, 
vapor-deposited vitreous selenium proceeds pre- 
dominantly, but not exclusively, from the Al-Se 
interface to the surface of the deposit. 

2—It is suggested that the strain induced from 
crystallization of the brominated vitreous selenium 
deposits can result in recrystallization of the sele- 
nium layer if the recrystallization temperature is 
subsequently exceeded. 

3—An indication of the temperature at which the 


recrystallization of brominated selenium began was 
observed as 190°C at 20 min. 
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On the Relationship of Texture Changes of Cold-Rolled 
Face-Centered-Cubic Metals During Recrystallization 


by Y. C. Liu and W. R. Hibbard, Jr. 


An analysis of the relationship between the deformation and recrystallization tex- 
tures in face-centered-cubic metals is presented. The analysis assumes that orienta- 
tions of the secondary as well as the primary textures are related to the deformation 
texture. The effect of alloying elements on the recrystallization texture of copper- 


base alloys is also discussed. 
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OTATIONAL relationships based on prior orien- 
tations have been used to derive both the pri- 
mary and secondary recrystallization textures.” This 
similarity suggests that, if the secondary texture 
arises from grains formed during primary recrystal- 
lization, as proposed by Dunn,* and if primary re- 
crystallization derives its lineage from the deforma- 
tion structure, then the orientations obtained in sec- 
ondary recrystallization as well as those obtained in 
primary recrystallization should be related to the 
deformation texture. The following discussions are 
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Fig. 1—"Operation” of modified (358) [352] deformation texture. 
Octahedral poles: closed circle represents modified (358) [352] 
orientation; square, (100) [001], X, (110) [112]. 


intended to present an analysis* supporting this rela- 
tionship. 


* This analysis is not a theory. 


Method of Analysis 
It has been found for copper‘ that the cubic tex- 
ture is not obtained from the recrystallization of a 
single (110) [112] deformation texture. Since the 
texture of cold-rolled polycrystalline copper is a 
double (110) [112] texture,t the cubic recrystal- 


7+ “Double texture’”’ is defined in the present paper as component 
orientations which are symmetrical with respect to both rolling and 
transverse directions. 


lization texture which is found for this material may 
be influenced by the differences between the double 
and single (110) [112] deformation textures. The 
following possibilities can be considered: The de- 
formation texture of cold-rolled polycrystalline cop- 
per is not (110) [112] as previously supposed;° or, 
in addition, there is a cubic-texture-developing com- 
ponent’ of the deformation texture similar to (358) 
[352]* included in the spread of the pole figure. 


* Hu, Sperry, and Beck5 proposed several orientations of the (123) 


[121] type. (358) [352] is selected as the one best fitting the ra- 
tionalization in this paper. 


Only the latter possibility is considered in the present 
analysis. 

For purposes of this discussion, the indices of the 
cubic-texture-developing component of the defor- 
mation texture in face-centered-cubic metals may 
be considered as similar to (358) [352] previously 
proposed,’ with the modification that one of the octa- 
hedral poles is located exactly on the site of an octa- 
hedral pole of cubic orientation and another on the 
primitive circle of the stereographic projection 20° 
away from the rolling direction. Using this modified 
(358) [352] orientation and the (110) [112] orien- 
tation, it is possible to derive by simple rotation and 
twinning the major recrystallization textures re- 
ported in the literature for face-centered-cubic 
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metals. It is now proposed to describe these deriva- 
tions without implications as to mechanisms. 


Copper 

Cook and Richards” observed that the recrystal- 
lization texture of copper strip depends upon the 
reduction during rolling; a (110) [112] recrystal- 
lization texture was obtained for copper rolled 85 
pet reduction in thickness and cubic recrystallization 
texture for 97 pct reduction. As shown in Fig. l, a 
22° rotation of the modified (358) [352] orientation 
about the octahedral pole A yields the (110) [112] 
orientation, while a 44° rotation about pole B pro- 
duces the cubic orientation. 


Secondary Grains in Copper 

The observed orientations of secondary grains in 
copper related to the cubic or primary texture may 
be summarized as follows: a 30° or 38° rotation 
about all the four (111) poles’ * and a 19° rotation 
about all cubic poles.” “ 

It was found that all the orientations of the sec- 
ondary grains can be related to the twin orientationt 


+ This orientation is contained within the spread of the pole figure 
of the copper deformation texture.!2 


of (358) [352] about pole B, Fig. 2, which is common 
to both the cubic and modified (358) [352] orienta- 
tions. Fig. 2 shows the modified (358) [352] orien- 
tation in dotted lines and the twin from the octa- 
hedral pole B in solid lines. Fig. 3 shows the four 
orientations generated by a 16° rotation about each 
of the octahedral poles of this twin. The resulting 
orientations fit all the observed orientations very 
well. Theoretically, these orientations lead to a 32° 
rotational difference between primary and secondary 
orientations as reported in Sharp and Dunn’s data.” 


Aluminum 


Hu, Sperry, and Beck’ proposed (7 12 22) [8 4 5] 
indices for the orientation of cold-rolled polycrystal- 


Fig. 2—Octahedral poles of the orientation related to secondary 
grains in copper. Open circle represents modified (358) [352]; 


closed circle, orientation of twin of modified (358) [352] about 
(111) B. 
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Fig. 3—Rotations generating the orientations of secondary grains in 
copper. Octahedral poles (small circles): closed circle represents 
twin of modified (358) [352] orientation about pole B (see Fig. 2); 
open circle, 16° rotation about each of the four (111) poles of 
twin orientation. Fitted to experimental observations described by 
various investigators, the larger circles represent as follows: solid 
and dashed-line circle, 19° about (100), Sharp and Dunn;* solid- 
line circle, 19° about (010), Sharp and Dunn;™ solid and dotted- 
line circle, 19° about (001), Sharp and Dunn;” and uniformly 
dashed-line circle, 30° about (111), Sharp and Dunn,“ Bowles and 
Boas,’ and Kronberg and Wilson.” Circles are drawn with 5° radius. 
Actual spread is 10° radius, see Sharp and Dunn.” 


line aluminum strip after 95 pct reduction in thick- 
ness. A comparison of their pole figures shows a 
close similarity between aluminum and copper. Since 
the orientation of (7 12 22) [8 4 5] is close to the 
modified (358) [352] indices, it can be assumed for 
the purpose of this discussion that the modified 
(358) [352] component is included in cold-rolled 
aluminum. The recrystallization texture of alu- 
minum as reported by Beck and Hu* is a combina- 
tion of cubic orientation and the same orientation as 
the deformation texture. 

As shown in Fig. 4, a 44° rotation about octa- 
hedral pole A of the modified (358) [352] deforma- 
tion texture results in an orientation which is almost 


the same as the modified (358) [352] orientation.t 


¢ 44° rotations about the other two octahedral poles in the direc- 
tions shown in Fig. 3 will also yield the modified (358) [352] ori- 
entation. 
As previously described for copper, a 44° rotation 
about the octahedral pole B yields the cubic orienta- 
tion (center dot). 

Brass and Silver 

There is evidence that the recrystallization tem- 
perature could be dependent on the deformation 
texture.* For example, Brick and Williamson” re- 


*It is well known that strain produced in single crystals is a 
function of the orientation of the stress axis. Therefore, it is not 
inconceivable that different components of the deformation texture 
may be in different conditions of strain (and strain energy), leading 
to differences in recrystallization temperatures. 


port that copper rolled 99 pct to produce different 
deformation textures (straight vs cross-rolled) cor- 
‘respondingly recrystallized at different temperatures 
to different textures. The material forming the sim- 
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ple cubic texture had the lower recrystallization 
temperature. 


Thus, the modified (358) [352] component of the 
deformation texture which is associated with the 
cubic recrystallization texture might have a lower 
recrystallization temperature than the (110) [112] 
component. By introducing this variable during the 


annealing of a specimen having both (110) [112] 
and modified (358) [352] orientations in the defor- 
mation texture, the latter may recrystallize at lower 
annealing temperatures while the (110) [112] de- 
formation component thus can be considered as 
affecting the primary recrystallization process only 
in the presence of a limited or undetectable amount 
of the modified (358) [352] deformation component, 
e.g., the copper single crystal specimens,’ or in silver.” 
A possible means of suppressing the modified (358) 
[352] deformation component found in copper may 
be by the introduction of an alloying element, such 
ASting 

It is proposed that the effect of alloying elements 
in copper is to suppresst the orientations derived 


7 Suppress but not eliminate. This component may exist in weak 
amounts below the sensitivity of X-ray film pole figure techniques, 
but subsequently become operative (analogous to the case of silicon 
iron’.22) to produce the secondary texture (as suggested in a subse- 
quent paragraph). 


from the (358) [352] component of the deformation 
texture and to enhance the orientations derived from 
the (110) [112] orientations, resulting in the dis- 
appearance of the cubic-texture and the appearance 
of these (113) [211] type textures.” * 

Both 70:30 brass and silver have a double (110) 
[112] deformation and a (113) [2714 
recrystallization texture.” The (113) [211] orienta- 
tion, as suggested by many investigators, can be re- 
lated by a 30° rotation about a (111) pole of the 
(110) [112] deformation texture (pole A in Fig. 1).*° 


Fig. 4—Recrystallization reorientation in aluminum by 44° rotations 
about octahedral poles of modified (358) [352] orientation. Octa- 


hedral poles: closed circle represents modified (358) [352] orienta- 
tion; open circle, 44° rotations about poles A and B. Dots indicate 
poles obtained by rotation about B. 
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Fig. 5—Deformation texture in 70:30 brass and silver. Octahedral 
poles: encircled cross represents twin (110) [112] orientation; open 


circle, X, 30° rotation of twin (110) [112] orientation about pole 
IV. 


It is proposed that the (110) [112] secondary 
grains in brass and silver” * are related to the modi- 
fied (358) [352] deformation texture. Consistent 
with the analysis in the case of copper, the (110) 
[112] orientation of the secondary grains in brass and 
silver can be derived as shown in Fig. 1 from a 22° 
rotation of the modified (358) [352] orientation 
about the (111) pole A. 


Discussion and Summary 

In the following paragraphs, an attempt is made 
to point out the features of the “oriented growth” 
and “oriented nucleation” processes in relation to 
this analysis. 

The recrystallization reorientation observed for a 
single (110) [112] deformation texture can be de- 
scribed as a 30° rotation clock and counterclockwise 
about each of the four (111) poles of the matrix.’ 
For a double (110) [112] deformation texture, if a 
30° orientation rotation about a (111) pole of the 
deformed matrix is retained between the orientation 
of the deformed matrix and the recrystallized grains,° 
then, according to the “oriented growth” hypothesis, 
the orientation of the recrystallized grains should 
fulfill the prescribed relations with respect to both 
components of the double (110) [112] texture. Fig. 5 
shows the (111) poles of double (110) [112] tex- 
ture. The only (111) pole which is common to both 
of these two {110} <112> type components is (111) 
pole IV. A 30° rotation about this pole in either 
direction results in an orientation which will satisfy 
the prescribed condition for both components of the 
double {110} <112> deformation texture. The re- 
sulting two orientations, as indicated by the con- 
nected poles in Fig. 5, are not the recrystallization 
texture of either 70:30 brass or silver, which have a 
deformation texture of double (110) [112] type. 

Should the rotational reorientation be related to 
oriented nucleation, the rotations should be based on 
the deformation texture. During the course of the 
present analysis, it was found that there are rela- 
tions between the orientation of the deformation 
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texture and the various recrystallization textures by 
rotations, and in the case of copper by twinning, 
about (111) poles. 

It is not proposed that the analysis presented here . 
is a new or unique solution relating the various tex- 
tures. It is, however, proposed that this analysis is 
reasonably consistent in terms of the selection of 
axis of rotation or twinning (poles A or B of Fig. 1), 
the direction of rotation (Fig. 4), and the amount 
of rotation (16°, 22°, 30°, or 44°). The shift in the 
axis of rotation can be rationalized on the basis of 
single-crystal studies” where it was found that the 
pole of rotation relating orientations is usually the 
pole of the octahedral planes on which slip occurred 
during the deformation process. In the case of cold- 
rolled specimens, the axis of rotation thus can be 
shifted from one (111) pole to another because of 
the multiple slip systems and complexity of increas- 
ing deformation. 

The existence of the relationships described in 
this paper does not prove the existence of oriented 
nucleation. However, it permits the rationalization 
of primary and secondary recrystallization textures 
in terms of oriented nucleation as well as in terms 
of oriented growth. 


Discussion of this paper, if any, will appear in 
JOURNAL OF METALS, November 1955, and in AIME 
Metals Branch Transactions, Vol. 203, 1955. 
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Effect of Zinc Content on the Rolling Texture And 


Annealing Texture of Alpha Brass 


by Alfonso Merlini and Paul A. Beck 


Quantitative texture determinations were made for rolled and for rolled and annealed 
strips of 3, 6, and 10 pct Zn brasses. The main components of the rolling texture gradually 
shift over a wide composition range from the orientation characteristic of copper to that 
of 70-30 brass. At least the main features of the corresponding gradual changes in the 
annealing texture may be accounted for qualitatively on the basis of the oriented growth 
theory of annealing textures. All the oriented nucleation-type theories are notably less 
successful in accounting for the observed textures. 


ARLIER investigations by von Goeler and Sachs,* 

Dahl and Pawlek,’ and Brick, Martin, and Angier® 
suggested that the annealing texture of copper is 
more sensitive to the addition of solute elements 
than the rolling texture. It was reported® that the 
cube texture changes over into a brass-type recrys- 
tallization texture on addition of about 1 pct Zn, 
while the deformation texture changes only at about 
5 pct Zn. Such behavior would be difficult to recon- 
cile with any theory of annealing texture formation 
that relates the annealing texture to the deformation 
texture. In particular, the oriented growth theory of 
the cube texture’ is based on a certain orientation re- 
lationship between the cube texture and the main 
components of the deformation texture which could 
not be reconciled with the reported behavior of low 
brasses. It was, therefore, of interest to re-examine 
these textures by means of the quantitative methods 
now available. The deformation and annealing tex- 
tures of rolled a brasses with approximately 3, 6, and 
10 pet Zn have been determined in terms of (111) 
and (200) pole figures. 


Experimental Methods 
The chemical analyses of the Cu-Zn alloys of com- 
mercial purity used in the present work are given in 
Table I. Chill-cast bars of the tabulated compositions 
were rolled and annealed according to the following 
schedule: 1—yrolling from 1.2 to 1.02 in. thickness, 15 
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© 3%Zn Alloy 
© 6%Zn Alloy 


As rolled 250 300 350 400 450 


ANNEALING TEMPERATURE °C ——————» 


Fig. 1—Vickers hardness vs annealing temperature for 3, 6, and 10 
pct brasses, rolled 96 pct. Annealing period 5 min in salt bath. 
Annealing temperatures adopted for study of annealing textures 
are marked with a barred cross. 


pet reduction area, annealing 15 min at 450°C; 2— 
rolling from 1.02 to 0.867 in. thickness, 15 pet reduc- 
tion area, annealing 15 min at 450°C; 3—rolling from 
0.867 to 0.600 in. thickness, 31 pct reduction area, 
annealing 2 hr at 540°C; 4—rolling from 0.600 to 
0.400 in. thickness, 33 pct reduction area, annealing 
2 hr at 480°C. In the final straight rolling of 96.25 pct 
reduction area, the strips were reversed end to end 
after each pass. 

The final annealing temperature was determined 
for each alloy by annealing specimens of the cold- 
rolled strips in salt bath for 5 min at varying tem- 
peratures. The results of the hardness measurements 
are given in Fig..1, where the final annealing tem- 
perature used for each alloy in determining the an- 
nealing texture is indicated by a cross. 
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The X-ray specimens were etched to a thickness 
of approximately 0.002 in. in an etchant consisting of 
30 pct nitric acid, 20 pct acetic acid, and the balance 
water. This etchant gave smooth surfaces and uni- 
form specimen thickness. 

Texture determinations were carried out by using 
CuKa radiation, filtered through two or three layers 
of 0.00035 in. thick nickel sheet. The central portion 
of each pole figure, up to 50° or 60° from the center, 
was determined with the Schulz’ reflection method. 
The peripherial portion of the pole figures, from 40° 
or 50° to 90° from the center, was determined by 
using the transmission method of Decker, Asp, and 
Harker.’ Intensity determinations were made at 5° 
tangential and radial intervals. Near maxima and at 


Fig. 2—Pole figure, (111), for 3 pct brass, as rolled to 96 pct 
reduction area. Symbols indicate location of poles for one of four 
equivalent “ideal orientations.” 


other interesting locations, measurements were made 
at 2° intervals. Determinations were made over more 
than a quadrant of each pole figure and, in some 
cases, half of the pole figure was determined. In 
order to establish with sufficient accuracy the posi- 
tion of some of the important intensity maxima, the 
exact location of these maxima was determined in at 
least two quadrants. Care was taken to make the de- 
terminations in the same quadrant of the pole figure 
with both the reflection and the transmission method 
in order to obtain good match between the peri- 
pherial and the central portions. In order to assure 
comparable intensity values in all pole figures, iden- 
tical slit widths and operating conditions were used 
throughout the investigation, and all the measured 
transmission intensities were corrected to conform to 
the corresponding reflection intensities. The method 
of procedure and the corrections used were essenti- 
ally the same as those described in earlier publica- 
tions.” Both the reflection and the transmission speci- 
men holders were built so as to provide integration 
over a considerable specimen area. This feature was 
found to be particularly important in determining 
pole figures for recrystallized specimens. 


Experimental Results 


The (111) and (200) pole figures for the three 
rolled alloys are given in Figs. 2 through 7. Com- 
parison of these pole figures with each other and 
with those previously determined by Hu, Sperry, 
and Beck* for copper and for 70-30 @ brass indicates 
a number of gradual changes taking place with in- 
creasing zinc content.* 


* The photographically determined (111) pole figure for a copper 
alloy with 0.05 pet Cd, given by Phillips and Phillips is very simi- 
lar to that for the 10 pct Zn brass (Fig. 6), suggesting that the 
textural changes effected by cadmium are similar to those due to 
zine. 


The strong peripherial maxima in the (111) pole 
figures, Figs. 2, 4, and 6, approximately 37° to 40° 
from each other on either side of the rolling direc- 
tion, retain their position quite well from 0 to 30 pct 
Zn. On the other hand, the strong (111) maxima 
near the transverse direction are clearly inside the 


Fig. 4—Pole figure, (111), for 6 pct brass, as rolled to 96 pct re- 
duction area. Symbols indicate location of poles for one of four 
equivalent “ideal orientations.” 


Fig. 3—Pole figure, (200), for 3 pct brass, as rolled to 96 pct re- 
duction area. Symbols indicate location of poles for one of four 
equivalent “ideal orientations.” 
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Table |. Analyses of 3, 6, and 10 Pct Brasses 


3 Pet 6 Pct 10 Pet 
Pct Cu 96.81 93.83 89.72 
Pct Zn 3.19* 6.17* 10.27* 
Pct Fe 0.002 0.001 0.006 
Pct Pb 0.0007 0.0007 —— 


* Determined by difference. 


pole figure in the case of copper and of the 3 and 6 
pet Zn alloys, while they merge into a single max- 
imum at the periphery of the pole figure for the 10 
and 30 pct Zn alloys. Correspondingly, the strong 
(111) maxima near the normal direction, which are 
very intense in the case of copper, gradually de- 
crease in intensity and become less sharp up to 6 pct 
Zn, and finally separate into two distinct maxima in 
the case of the 10 and 30 pct brasses. Corresponding 
changes occur also in the (200) pole figures. In de- 
termining the “ideal orientations” of the main com- 
ponents for each rolling texture, the location of the 
strong and well defined peripherial (111) maxima 
near the rolling direction and the fairly sharp (200) 
maxima near the normal direction were chosen as 
the basis. The main components of the rolling tex- 
tures of the 3 and 6 pct brasses may be described by 
four ideal orientations approximately corresponding 


to (145) [945] and for the 10 pct brass by four ideal 


orientations approximately (156)[10,5,6]. One of 
the four crystallographically equivalent ideal orien- 
tations is shown in each pole figure, Figs. 2 through 
7, by filled triangles and squares. These orientations 


can be derived from the (011) [211] ideal orientation 
by rotation around the two peripherial (111) poles 
near the rolling directions. (See Fig. 16.) The angle 
of rotation is approximately 12°, 10°, and 5°, re- 
spectively, for the 3, 6, and 10 pct brasses. In accord- 
ance with the foregoing interpretation of the gradual 
shifting of the ideal orientations of the main com- 
ponents of a brasses as a function of the zinc content, 
the (220) intensities, measured along the radius of 


Fig. 5—Pole figure, (200), for 6 pct brass, as rolled to 96 pct re- 
duction area. Symbols indicate location of poles for one of four 
equivalent “ideal orientations.” 
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the pole figure from the normal direction toward the 
transverse direction, showed increasing displacement 
of high intensities away from the normal direction 
with decreasing zinc content. For the 3 pct Zn alloy 
a fairly well defined relative maximum of the (220) 
intensity was found 30° away from the normal 
direction. 

The rolling texture of 70-30 brass is usually de- 
scribed by means of two main components of the 
(011) [211] type. That this interpretation is some- 
what arbitrary is apparent in the (111) pole figure 
for the rolling texture of 70-30 brass;* the positions 
of several of the intensity maxima in the (111) and 
(200) pole figures do not correspond exactly to the 


positions required by the (011) [211] interpretation, 


Fig. 6—Pole figure, (111), 10 pct brass, as rolled to 96 pct re- 
duction area. Symbols indicate location of poles for one of four 
“ideal orientations.” 


Fig. 7—Pole figure, (200), for 10 pct brass, as rolled to 96 pct re- 
duction area. Symbols indicate location of poles for one of four 
equivalent “ideal orientations.” 
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and the intensity relationships are also different 
from those expected. Using the same basis as in the 
3, 6, and 10 pct Zn alloys, the rolling texture of 
70-30 brass may be described also by four rather 
than two ideal orientations; these four orientations 
are identical with the corresponding ones for 10 pct 
brass, since the location of the intensity maxima is 
the same for both alloys. 

A minor texture component, that may be de- 
scribed as a [100] fiber texture with the fiber axis in 


180 140 100 
+30 


Fig. 8—Pole figure, (111), 3 pct brass, rolied 96 pct and soft annealed. 
Poles of one A component are marked by empty symbols, those of a 
B component by filled symbols. Poles of the C component are indi- 
cated by half-filled symbols. One of the F components is designated 
by empty symbols with stems. One of the M components is marked 
by half-filled symbols with stems. 


the rolling direction, was found’ previously in the 
rolling texture of copper. As seen in the (200) pole 
figures of the a brasses, Figs. 3, 5, and 7, in the pres- 
ent work a similar fiber texture was found to per- 
sist, although with decreasing intensity, up to 10 pct 
Zn. 

In all three brass rolling textures investigated, the 
most intense orientation spread is the one centered 


around the (011)[211] orientation. The same orien- 
tation spread is also present with very high intensity 
in the rolling texture of copper and that of 70-30 
brass." In first approximation, the relative intensity 
of this spread is not dependent on the zinc content. 
In the rolling texture of copper* there is, in addition, 
a second very intense orientation spread, which is 
characterized by high intensities between the two 
peripherial (111) poles near the rolling direction 
and between pairs of (200) poles near the center of 
the pole figure. Two ideal orientations of the type 


(112) [111], around which the two crystallographic- 
ally equivalent spreads in the pole figures are cen- 
tered, may be considered as representatives of these 
spreads. As seen in the pole figures, Figs. 2 through 
7, the intensity of these spreads decreases strongly 
with increasing zine content. In the rolling texture 
of 70-30 brass this orientation spread, if still present, 
is certainly very low. Even in the 10 pct Zn alloy, 
Figs. 6 and 7, the relative intensity of these “copper- 
type” spreads is rather low. A very strong orienta- 
tion spread, characteristic of 70-30 brass, centers 
around the (011)[100] “ideal orientation.” The cor- 
responding high intensities in the (111) pole figures 
adjoin the peripherial (111) poles near the rolling 
direction, extending from these poles peripherially 
toward the transverse direction. In the (200) pole 
figure, this orientation spread is very conspicuous as 
a strong intensity band connecting the pair of the 
four (200) maxima to the left and also the pair to 
the right of the normal direction. Figs. 2 through 7 
clearly show the gradual increase of the intensity of 


Fig. 9—Pole figure, (200), for 3 pct brass, rolled 96 pct and soft 
annealed. Poles of one A component are marked by empty symbols, 
those of a B component by filled symbols. Poles of the C component 
are indicated by half-filled symbols. One of the F components is 
designated by'empty symbols with stems. One of the M components 
is marked by half-filled symbols with stems. 
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Fig. 10—Pole figure, (111), of 6 pct brass, rolled 96 pct and soft 
annealed. Poles of one A component are marked by empty symbols, 
those of a B component by filled symbols, Poles of the C component 
are indicated by half-filled symbols. One of the F components is 
designated by empty symbols with stems. One of the M components 
is marked by half-filled symbols with stems. — 
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this “brass-type” spread with increasing zinc con- 
tent. A quantitative expression that may be used as 
an indicator of the relative changes in the brass- 
type and copper-type spreads with varying zinc con- 
tent may be defined as the ratio of the intensity 
maximum in the (200) pole figure measured along 
the radial section from the normal direction toward 
the transverse direction on the one hand, and the 
maximum measured along the radial section from 
the normal direction toward the rolling direction on 
the other. This ratio, which is only 0.18 for 92.5 pct 
rolled Cu, increases to 1.4, 4.8, and 9.9 for the 96 pct 
rolled 3, 6, and 10 pct brasses, respectively. It is 
interesting that the greatest relative change in the 
ratio of the two types of orientation spread occurs 
between 0 and 3 pct Zn. 

The results of the annealing texture determina- 
tions are shown in the (111) and (200) pole figures 
for the three brasses, Figs. 8 through 13. In spite of 
the complexity of these pole figures and of the con- 
siderably smaller intensity variations from minimum 
to maximum value than those occurring in the de- 
formation textures, it was possible to interpret the 
various maxima in each pair of pole figures with a 
fair degree of accuracy in terms of certain “ideal 
orientations.”’ The main components in all three an- 
nealing textures are of five types, designated by the 
letters A, B, C, F, and M. In the pole figures, one 
ideal orientation of each type is indicated by the 
location of the corresponding poles. The poles for the 
A orientation are designated by empty symbols, for 
the B orientation by filled symbols, for the C orien- 
tation by half-filled symbols, for the F orientation 
by empty symbols with stems, and for the M orien- 
tation by half-filled symbols with stems. The selec- 
tion of the maxima from which these ideal orienta- 
tions were determined was based on the following 
criteria: the sharpness of the maximum and the fact 
that it corresponds, as far as possible, to one orienta- 
tion only. For each component, corresponding max- 


ima were used as the basis for all three brasses for 
determining the ideal orientations. Table II gives the 
coordinates of these maxima for the 6 pct brass. The 
orientation designated as S, included in Table II, 
corresponds to the center of an important orienta- 
tion spread that appears in both the (111) and (200) 
pole figures. The indices of the ideal orientations for 
each type of annealing texture component for the 3, 
6, and the 10 pct brasses are given in Table III. 


Fig. 12—Pole figure, (111), 10 pct brass, rolled 96 pct and soft 
annealed. Poles of one A component are marked by empty symbols, 
those of a B component by filled symbols. Poles of the C component 
are indicated by half-filled symbols. One of the F components is 
designated by empty symbols with stems. One of the M components 
is marked by half-filled symbols with stems. 


Fig. 11—Pole figure, (200), 6 pct brass, rolled 96 pct and soft 
annealed. Poles of one A component are marked by empty symbols, 
those of a B component by filled symbols. Poles of the C component 
are indicated by half-filled symbols. One of the F components is 
designated by empty symbols with stems. One of the M components 
is marked by half-filled symbols with stems. 
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Fig. 13—Pole figure, (200), 10 pct brass, rolled 96 pct and soft 
annealed. Poles of one A component are marked by empty symbols, 
those of a B component by filled symbols. Poles of the C component 
are indicated by half-filled symbols. One of the F components is 
designated by empty symbols with stems. One of the M components 
is marked by half-filled symbols with stems. 
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Fig. 14—Relative orientation of an A component (filled symbols) in 
the annealing texture of 6 pct brass with respect to the four de- 
formation texture components (empty symbols), (111) poles. 


Fig. 15—Relative orientation of a B component (filled symbols) in 
the annealing texture of 6 pct brass with respect to the four de- 
formation texture components (empty symbols), (111) poles . 


The A, B, F, and S types of orientations have a 
multiplicity of four and, correspondingly, four ori- 
entations of each type appear in the annealing tex- 
tures. The orientations of the type M have a mul- 
tiplicity of two, and both orientations appear in the 
annealing textures. C designates the cube texture, 
which has a multiplicity of one and which is repre- 
sented by measurable intensities in each pole figure. 
The total number of main components in each of 
these annealing textures is 15. 

The orientations of the A components do not vary 
appreciably from 3 to 6 pct Zn. The A orientations 
are very close to the ideal orientations of the main 
deformation texture components for copper, which 
may be retained in the annealing texture of copper 
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if the penultimate grain size is sufficiently large and 
the final rolling reduction is not too great. Even in 
the annealing textures of 3 and 6 pct brasses, the A 
components are not very far removed from the ori- 
entations of the main rolling texture components, 
Fig. 14. However, some amount of material appears 
to be present in A-type orientations even in the an- 
nealing texture of 70-30 brass where the main de- 
formation texture components have a distinctly dif- 
ferent orientation, so that the foregoing similarity no 
longer holds. The intensity of the A components ap- 
pears to decrease gradually with increasing zinc 
content. 

The orientation of the B components is gradually 
shifted with the zinc content in such a way that each 
B component retains its orientation relationship of 
approximately 30° rotation around the peripherial 
(111) pole with respect to one of the main deforma- 
tion texture components, Fig. 15. In the pole figure 
of the 10 pct brass, the poles of the four B compo- 
nents are fairly close to the corresponding maxima 
for the annealing texture of 70-30 brass. This is also 
clearly expressed in the similarity of the indices of 


these orientations, namely (438)[634] for the B 


component in 10 pct brass, vs (225)[734] for the 
annealing texture of 70-30 brass. It appears then 
that the B components of the annealing texture 
change over continuously with increasing zinc con- 
tent into the four annealing texture components of 
70-30 brass. Correspondingly, the intensity of the B 
components increases distinctly with increasing zinc 
content. 

The orientation of the F components does not vary 
appreciably with the zinc content. These compo- 
nents, which appear in the annealing texture of the 
3, 6, and 10 pct brasses, are apparently absent in the 
annealing texture of copper and of 70-30 brass. The 
two M components are fully developed with clear- 
cut maxima in the annealing texture of 10 pct brass. 
Some of these maxima are also clearly visible in the 
pole figures of annealed 70-30 brass, so that it is 
probable that the M components also are present in 
this alloy. However, in the annealing textures of the 
3 and 6 pct brasses, the M components are not repre- 
sented by separate maxima, only as spreads. The 
orientations for the M components in these alloys, 
given in Table IV, correspond to the two ends of this 
spread, which centers around the cube orientation. 
In the annealing texture of the 3 and 6 pct brasses, 
the cube texture is much stronger than the M com- 
ponents. The decrease in the amuunt of cube texture 
is very great between 0 and 3 pct Zn, and it is also 
quite considerable between 3 and 6 pct Zn. In the 


Table II. Coordinates of the Maxima Used as Basis to Determine 
the Ideal Orientations of the Annealing Texture Components 
for 6 Pct Brass 


Coordinates to the Maxima 


Type of 
Component Pole Figure 

A 55° 63° {200} 
Best fit with the other 
(111) and (200) inten- 
sity maxima 

B 50° 82° (111) 
60° 31° (200) 

F 90° 38° (111) 
63° (111) 
70 (200) 

M 90° 0° (200) 
66 90° (200) 

Ss 80° 0° (111) 
63 73° (111) 
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Fig. 16—Relative orientation of the C component (filled symbols) in 
the annealing texture with respect to a deformation texture com- 
ponent of each copper (encircled X), 3 pct brass (open circle), 6 pct 
brass (half-filled circle), 10 pct brass (encircled dot), and 30 pct 
brass (encircled +-). 


10 pet Zn alloy, the amount of material in the cube 
texture is fairly small (although definitely present), 
while the intensity of the M components is larger. 

The relative orientations of each one of the five 
different types of annealing texture components 
with respect to the four main components of the de- 
formation texture in the case of 6 pct Zn brass are 
given in Figs. 14 through 18. 


Discussion of Results 

It has been pointed out’ that, in cases where the 
matrix texture consists essentially of a single orien- 
tation, the recrystallization texture in face-centered- 
cubic metals usually consists of eight components 
corresponding to all possible orientations having a 
30°, respectively 40°, [111] rotational relationship 
with the matrix orientation, as may be expected on 
the basis of the oriented growth theory of annealing 
textures.” On the other hand, in the more general 
case of complex matrix textures, comprising several 
main deformation texture components and orienta- 
tion spreads, the orientation most favorable for 
growth would not be necessarily expected to have a 
30° [111] rotational relationship with any of the 
matrix components." At present there are no reli- 
able quantitative data on boundary mobility as a 
function of the disorientation across the boundary. 
Even when such data become available, the predic- 
tion of annealing textures in complex matrices will 
be possible only if both the proposed inhibiting effect 
of minor amounts of matrix material in orientations 
unfavorable for the growth of the new grains and 
the effect of the geometrical arrangement (such as 
size) of matrix elements in various orientations‘ can 
be taken into account quantitatively. 

In view of these complexities, it is interesting that 
a 30° [111] rotational relationship between an an- 
nealing texture component and of the components of 
a complex matrix is actually often found, at least 
approximately.” ” It has been pointed out” ™ that, on 
the basis of the oriented growth theory, it is cer- 
tainly to be expected that the various orientations 
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Fig. 17—Relative orientation of an F component (filled symbols) in 
the annealing texture of 6 pct brass with respect to the four de- 
formation texture components (empty symbols), (111) poles. 


Fig. 18—Relative orientation of an M component (filled symbols) in 
the annealing texture of 6 pct brass with respect to the four de- 
formation texture components (empty symbols), (111) poles. 


ideally related for growth with respect to one of the 
matrix components will, in general, have different 
orientation relationships with the other matrix com- 
ponents and orientation spreads. Consequently, the 
various orientations ideally related to one of the 
matrix components will not be equivalent to each 
other in regard to boundary mobility with respect 
to the complex matrix as a whole. It has been shown 
that, in cross-rolled copper’ and in the case of 
straight-rolled 70-30 brass,” the ‘missing orienta- 
tions” may be accounted for, at least qualitatively, 
by considering their relations with the various mat- 
rix components and orientation spreads. 

The most conspicuous change taking place in the 
annealing texture of a brass with increasing zinc 
content is the decrease in the intensity of the cube 
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Table Ill. Indices of the Ideal Orientation for Each Type of 
Annealing Texture Component for the 3, 6, and 10 Pct Brasses 


Type of 
Component 3 Pct Brass 6 Pct Brass 10 Pct Brass 
A (368) [423] (368) [423] (256) [946] 
B (214) [523] (427) [423] (438) [634] 
c (001) [100] (001) [100] (001) [100] 
F (112) [207] (112) [201] (112) [201] 
M (047) [100] (037) [100] (038) [100] 
Ss (125) [553] (125) [332] (338) [443] 


texture. A satisfactory qualitative explanation for 
this change may be given on the basis of the oriented 
growth theory. As seen in Fig. 16, with increasing 
zine content the main deformation texture compo- 
nents are gradually changing their orientation in 
such a way as to become further and further removed 
from a [111] rotational relationship with respect to 
the cube orientation. On this basis, it would be ex- 
pected that the advantage of the cube-oriented 
grains over grains in other orientations in regard to 
boundary mobility in the matrix is more and more 
suppressed. In addition, the strong increase of the 
“brass-type spread” in the deformation texture with 
increasing zine content, particularly between 0 and 
6 pet Zn, may also contribute significantly to the 
suppression of the cube texture, since the orienta- 
tion representative of this spread and corresponding 
to its center is very far removed from a [111] rota- 
tional relationship with respect to the cube orienta- 
tion. The fact that, despite the loss of a [111] 
rotational relationship with respect to the cube 
orientation, a cube texture component does appear 
in annealed low a@ brasses is rather significant. Al- 
though the “cube grains” in these alloys are not 
very close to an ideal orientation relationship for 
maximum boundary mobility with respect to any 
one of the main components of the deformation tex- 
ture, they are at least fairly favorably oriented for 
growth with regard to all four matrix components. 
In these alloys much more obviously than in copper, 
the cube component appears as a “compromise tex- 
ture,” corresponding to relatively high boundary 
mobility in the matrix as a whole, rather than to 
maximum boundary mobility in one component. 

With increasing zinc content, the M orientations, 
Fig. 18, come progressively nearer to a [111] rota- 
tional relationship with all four main rolling texture 
components. In view of this, the increasing intensity 
with increasing zinc content of the orientation 
spread extending between the cube texture and the 
M orientations and, finally, the emergence of dis- 
tinct and well defined M components at 10 pct Zn is 
consistent with the oriented growth theory. 

The present results may serve to illustrate the fact 
that in the case of complex matrix textures the an- 
nealing texture components can not be predicted in 
full detail on the basis of the oriented growth theory 
without more quantitative knowledge of the orien- 
tation dependence of boundary mobility, and of the 
‘Snhibition effect” and “size effect’? mentioned pre- 
viously, than that available at the present time. This 
is particularly true with regard to the A and F com- 
ponents encountered in annealed 3, 6, and 10 pct 
brasses. 

Since each B component is approximately ideally 
oriented with respect to one of the deformation tex- 
ture components, Fig. 15, and since this orientation 
relationship is preserved as the deformation texture 
varies with the zine content, it may be concluded 
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that the B component is nearly ideally oriented for 
growth at least with respect to one deformation tex- 
ture component. The fact that the intensity of the B 
components increases with increasing zinc content 
also may be explained qualitatively on the basis of 
the oriented growth theory, since each B component 
becomes further and further removed from having 
a twin orientation relationship with another one of 
the main deformation texture components. 


It appears that none of the various oriented nucle- 
ation theories of annealing textures is very promis- 
ing in explaining the experimentally found anneal- 
ing textures for 3, 6, and 10 pct brasses. None of 
these theories offers any explanation for the forma- 
tion of the A and F texture components. An oriented 
nucleation theory based on a [111] rotational rela- 
tionship between the nucleus orientations and the 
matrix orientation, as the one recently proposed by 
Liu and Hibbard,” could account for the formation 
of the B annealing texture components, but it could 
not explain without new hypotheses the increase in 
the intensity of the B components with increasing 
zine content. Such a theory would certainly have 
difficulty in accounting for the formation of the cube 
texture, even in decreasing amounts, when the main 
deformation texture components become further and 
further removed from a [111] rotational relation- 
ship from the cube orientation. Furthermore, this 
theory does not account for the typical sharpness of 
the cube texture which forms in copper on annealing 
from a rolling texture that includes very consider- 
able orientation spreads. If it is assumed that the 
nuclei possess a definite orientation relationship with 
the matrix, it might be expected that each nucleus is 
so related with respect to a microscopic portion of 
the matrix directly adjacent to it. The spread of 
nucleus orientations then should correspond approx- 
imately to the spread of matrix orientations, in con- 
tradiction with experimental fact. On the other 
hand, the oriented nucleation theory of Burgers” 
could account for the formation of the cube texture 
in spite of the shifting of the main deformation tex- 
ture components, since it relates the formation of the 
cube texture to the high rate of polygonization of 
cube-oriented minor matrix elements which it as- 
sumes to serve as nuclei, regardless of the orienta- 
tion of the main matrix texture components. On this 
picture, the decrease in the amount of cube texture 
formed with increasing zinc content presumably 
would have to be explained on the basis of a de- 
crease in the amount of cube-vriented matrix ele- 
ments. Actually, the amount of cube-oriented mate- 
rial in the rolled strips does decrease with increasing 
zinc content. However, quantitatively the correla- 
tion is not very good. The deformation texture indi- 
cates little change in the amount of cube-oriented 
material between 3 and 6 pct Zn, whereas the in- 
tensity of the cube component in the annealing tex- 
ture decreases very sharply in that composition 
range. It has been shown in a previous publication’ 
that this theory leads to the prediction that cross- 
rolled copper should recrystallize in the cube orienta- 
tion, while the experimentally determined recrystal- 
lization texture does not comprise a cube component. 
Burgers’ theory offers no help in explaining the for- 
mation of any of the other annealing texture com- 
ponents encountered in low brasses. 


The results of the present investigation show that 
the changes with increasing zinc content in both the 
deformation texture and the annealing texture of 
Cu-Zn alloys take place progressively over a wide 
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composition range. The evidence does not support 
the view, attained by previous investigators on the 
basis of photographic texture determinations, that 
the annealing texture is more sensitive to compo- 
sitional changes than the deformation texture. In 
particular, it appears that the decrease in the in- 
tensity of the cube component in the annealing tex- 
ture with increasing zinc content may be explained 
on the basis of the oriented growth theory by the 
changes in the deformation texture resulting from 
increasing zinc content. 


Conclusions 


1—The rolling texture of low brasses may be de- 
scribed in first approximation by four main com- 
ponents with “ideal orientations” gradually shifting 
from approximately (145)[945] for 3 pct Zn to ap- 
proximately (156)[10,5,6] for 10 pct Zn. . 

2—The three principal orientation spreads pres- 
ent in rolled low brasses center around orientations 
of the following types: (011)[211], (112)[111], and 
(011)[100]. The spread represented by (011) [211] 
is present in large amounts for any zinc content be- 
tween 0 and 30 pct. The spread represented by 
(112)[111] is typical of copper and decreases in in- 
tensity with increasing zinc content. The spread rep- 
resented by (011)[100] is typical of 70-30 brass and 
decreases in intensity with decreasing zinc content. 

3—The minor texture component previously 
found in rolled copper, which may be described as a 
[100] fiber texture with the rolling direction as fiber 
axis, occurs also in low brasses. Its intensity de- 
creases with increasing zine content. 

4—The annealing texture of rolled low brasses 
consists of 15 main components, which fall into five 
types, designated as A, B, C, F, and M. The four A 
components correspond approximately to the orien- 
tation of the retained deformation texture compo- 
nents in annealed copper, and this orientation is little 
affected by the zinc content. Each one of the four B 
components is related to one of the main rolling tex- 
ture components by a 30° rotation around the peri- 
pherial [111] axis and retains this relative orienta- 
tion as the deformation texture components shift 
with increasing zinc content; the four B components 
go over into the four main components of the re- 
crystallization texture of 70-30 brass. C is the cube 
texture component. The four F components corres- 
pond to the (112) [201] type, regardless of zinc con- 
tent. The two M components in annealed 10 pct brass 
have ideal orientations of the type (038)[100]. 

5—The amount of the cube texture decreases with 
increasing zinc content, particularly sharply up to 3 
pet Zn. However, a measurable amount of material 
in cube orientation appears to be present even in 
the annealing texture of 10 pct brass. The M com- 
ponents, which are not present in the annealing tex- 
ture of 96 pct straight-rolled copper, increase in 
amount with increasing zine content. Most likely, M 
components are present in the annealing texture of 
70-30 brass. B components are not present in the an- 
nealing texture of 96 pct straight-rolled copper and 
their amount increases gradually with the zinc con- 
tent. Minor variations in the orientation and in the 
amount of the A and F components have been ob- 
served from 3 to 10 pct Zn content. There is no in- 
_dication of the presence of F components in the an- 
nealing texture of either rolled copper or 70-30 
brass. 
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6—The conclusion of previous investigators that 
the change in the rolling texture from the copper to 
the brass type occurs at a zinc content different from 
that necessary to produce corresponding changes in 
the annealing texture is not confirmed by the present 
work. The orientation of the main rolling texture 
components and the intensity of the various orienta- 
tion spreads of the rolling texture change gradually 
with increasing zinc content. Corresponding gradual 
changes take place in the orientation and in the 
amount of most annealing texture components. 
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Technical Note 


Crystal Structure and Some Properties of the Compound, Zr:Al 
by J. H. Keeler and J. H. Mallery 


HE crystal structure of Zr,Al, the compound 

richest in zirconium (91.03 pet Zr by weight) in 
the system Zr-Al, has been found to be ordered face- 
centered-cubic. This compound is of particular in- 
terest, since it is encountered as the precipitated 
phase in potentially useful zirconium-rich alloys. It 
forms peritectoidally from body-centered-cubic zir- 
conium and Zr.Al at about 975°C. The Zr-Al con- 
stitution diagram has been reported by McPherson 
and Hansen.* 

For the primary determination a 100 g ingot was 
prepared by arc-melting in a water-cooled copper 
crucible under purified argon. The raw materials 
were crystal-bar zirconium (a purity of better than 
99.7 pct) and spectroscopically pure aluminum. The 
ingot was double melted, examined metallographi- 
cally, and found to be quite uniform as shown in 
Fig. 1. The hardness of the as-cast button was VHN 
390 to 445. 

A 20 mil diam specimen was prepared from an- 
nealed (900°C) filings of Zr,Al. The specimen was 
mounted in a 5 cm radius powder camera and an 
8 hr exposure was taken using copper radiation with 
a nickel filter. 

The structure of the compound Zr,Al was found 
to be ordered face-centered-cubic of the Cu,Au type, 
with an a, value of 4.372+0.003A. Its calculated 
density is 5.976+0.013 g per cucm. The relative in- 
tensities for the lines were calculated using the 
formula 


1 + cos’ 20 
sin’ cos 6 
1 + cos’ 26 


where is the Lorentz polarization fac- 


sin’ 6 cos 0 
tor, p is the multiplicity factor, and F is the struc- 
ture factor. The X-ray data are given in Table I. 
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Table |. X-Ray Data for Compound ZrsAl 


Calculated Observed Calculated Observed 
d d Intensity Intensity 
100 4.372 4.38 227 Medium 
110 3.091 3.09 186 Medium 
111 2.524 2.52 1543 Very strong 
200 2.186 2.18 760 Strong 
210 1.955 1.95 97 Weak 
211 1.785 1.78 71 Weak 
1.546 1.54 470 Strong 
300,221 1.457 1.46 9 to 35 Weak 
10 1.383 1.38 57 Weak 
311 1.318 1.32 517 Strong 
222 1.262 1.26 154 Medium to strong 
320 1.212 1.22 38 Very weak 
321 1.168 1.17 39 Weak 
400 1.093 1.09 79 Medium 
410,322 1.060 1.06 14 to 14 Very weak 
411,330 1.030 1.03 13 to 7 Very weak 
1.003 1.003 276 Medium to strong 
420 0.9776 0.977 267 Medium to strong 
421 0.9540 0.953 26 Very weak 
332 0.9321 0.931 14 Very weak 
422 0.8924 0.892 279 Strong 
500,430 0.8744 0.873 4to 15 Very very weak 
510,431 0.8574 0.857 16 to 31 Very weak 
511,333 0.8414 0.841 336 to 112 Strong 
520,432 0.8119 0.812 45 to 45 Weak 
521 0.7982 0.798 55 Weak 


The compound has exhibited plasticity when pres- 
ent as particles in a matrix of a zirconium. During 
hot working at about 900°C, the compound has been 
found to deform plastically to the extent that some 
of the particles exhibit a length-to-width ratio 
greater than 4:1 as shown in Fig. 2. In answer to 
the discussion of ref. 1, McPherson and Hansen 
pointed out that the compound may be cold rolled 
and reduced as much as 33 pct. 

Zr;Al has also been found’ under certain condi- 
tions to precipitate in lamellar form at grain boun- 
daries of the a phase of hexagonal-close-packed 
zirconium. 
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Fig. 1—Micrograph 
of as-cast Zr;Al 
shows a fairly uni- 
form structure. Bright 
field, etched in 
HNO,, HF, and gly- 
cerine. X100. Area 
reduced approxi- 
mately 20 pct for 
reproduction. 
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Fig. 2—Micrograph 
of specimen shows 
elongated _ particles 
of Zr,Al in a matrix 
of a zirconium. The 
specimen of 10 atom- 
ic pct Al in zirconium 
was hot rolled at 
900°C and then an- 
nealed 1 hr at 850°C. 
Bright field, etched 
in HNOs, HF, and 
H20. X500. Area re- 
duced approximately 
20 pct for reproduc- 
tion. 
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Preferred Orientations in Beta-Annealed Zirconium 


by J. H. Keeler and A. H. Geisler 


Preferred orientations in unalloyed zirconium were determined by the Geiger-counter 
spectrometer X-ray diffraction technique. With increasing 8-annealing temperature the 
following textures were obtained: 1—a retained a-annealing texture, 2—additional orien- 
tations predictable from the a-@ (Burgers) relationship, and 3—a texture derived from a 
cube texture in the @ phase. Earlier work on cold-worked and a-annealed zirconium was re- 
appraised to show a quantitative dependence of rotations on temperature and to identify 


spurious areas of some of the pole figures. 


N a previous paper,’ the preferred orientations of 

high purity zirconium sheet were described for 
cold-rolled and annealed samples. Annealing tem- 
peratures up to 900°C, which is slightly above the 
allotropic transformation temperature, were ex- 
plored. Of interest was the observation that the 
orientation of the hexagonal-close-packed material 
after annealing in the temperature range of the 
stable body-centered-cubic phase was similar to that 
of the material which had been annealed in the a 
temperature region, although a change in texture 
would be expected because of the many new orien- 
tations based on an orientation relationship between 
the two forms of zirconium. The reversion to an 
original orientation after an allotropic transforma- 
tion cycle is not unusual. It has been found for tita- 
nium,”* for thallium,’ and for cobalt* among the hex- 
agonal metals. Burgers found in his original work’ 
that, when zirconium was cooled through the allo- 
tropic transformation and then reheated, the body- 
centered-cubic phase reverted to the original orien- 
tation. Additional experimental work has been car- 
ried out to further explore the textures of zirconium 
after annealing in the temperature range above the 
allotropic transformation. In addition, a reappraisal 
was made of the earlier results for zirconium* in 
light of recent work on titanium* which has shown 
that the texture type depends quantitatively on the 
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Table I. Composition of Crystal-Bar Zirconium 


Element Wt Pct 
Hafnium 0.3 maximum 
Iron 0.02 to 0.1 
Aluminum 0.005 to 0.02 
Chromium 0.02 to 0.1 
Copper 0.001 to 0.005 
Nickel 0.005 to 0.02 
Magnesium 0.001 to 0.005 
Molybdenum 0.01 
Nitrogen 0.007* 


* Chemical analysis (oxygen and carbon are estimated at 0.02 pct). 


temperature of annealing and that spurious areas 
may be encountered in the pole figures of hexagonal 
metals determined by the X-ray spectrogoniometer 
technique of analysis. 


Experimental Procedure 

Crystal-bar zirconium prepared by the iodide 
process was the material used in this investigation. 
The major impurity was hafnium which was less 
than 0.3 pet. The composition obtained by spectro- 
graphic analysis is given in Table I. 

Cold-rolled specimens were prepared from crys- 
tal bar by a series of reductions of approximately 
0.010 in. until the sheet reached a thickness of 0.010 
in., after which it was cold rolled to 0.001 in. thick- 
ness between sheets of alloy steel. The total cold 
reduction amounted to about 99.8 pct. Specimens 
were annealed for % hr at 1000° to 1100° to 1200°C 
or 1 hr at 1400°C in an evacuated Vycor or quartz 
tube. 

The transmission pole figures were obtained by 
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Fig. 1—(1010) pole figure of 99.8 pct cold-reduced zirconium sheet 
annealed at 600°C for 30 min and then at 900°C for 30 min. The 
orientations of (1010) poles for the texture (0091)[1120] with a 
tilt of +40° about the rolling direction are indicated by squares. 


the quantitative method of Decker, Asp, and Harker* 
modified by Geisler’ using an X-ray spectrogoni- 
ometer with CuKa radiation. Many of the pole 
figures prepared during the latter part of this in- 
vestigation were made with the automatic pole- 
figure recorder reported recently by Geisler.” Un- 
less otherwise specified, all four quadrants were 
examined with 5° increments along the radius of the 
pole figure. Absorption corrections were made for 
changes in length of the X-ray path through the 
sample as inclination of the sample to the beam 
changed. During examination, the specimen was 
translated back and forth in its plane through a 1 in. 
distance in order to increase the total number of 
grains contributing to the measured X-ray intensity. 


Fig. 2—(1010) pole figure of 99.8 pct cold-reduced zirconium sheet 
heated in the furnace from 900° to 1100°C and held ¥% hr at 
1100°C. 


396—JOURNAL OF METALS, FEBRUARY 1955 


The intensity contours were expressed in multipli- 
cities of the intensity of a comparable sample, but 
with randomly oriented crystallites. 

Usually the inner 40° of the pole figure was not 
determined because the specimen holder interfered 
with the passage of the X-ray beam. In most in- 
stances, it was not necessary to examine this area, 


since consistent pole figures of [1010] poles (which 
were confirmed by making (0002) pole figures for 
most samples) were obtained in the outer 50°, thus 
defining the textures. However, the inner 40° was 
determined for several pole figures and this work 
was performed at the Knolls Atomic Power Labora- 
tory with a spiral-scanning X-ray reflection goni- 
ometer previously described by Holden.” As in the 
other’ zirconium work reported here, CuKa radia- 
tion was used. Since these results were not cali- 
brated as multiples of random intensity, the con- 
tours thus obtained are included in the pole figures 
as broken lines. 


Results and Discussion 
B-annealing Textures: When zirconium sheet was 
annealed for % hr at 900°C (about 45° above the 
nominal transformation temperature), the relatively 
simple texture reproduced in Fig. 1 from previous 
work’ was obtained.* This texture was described 


*In a very recent study, Glen and Pugh discuss the possible 
orientations which can arise from several transformations. They 
suggest that dislocations in the parent phase may be responsible 
for a reversion to the original texture after a transformation cycle. 


by (0001) tilted 40° to the rolling plane about the 


[1120] which was in the rolling direction. The 
(0002) pole figure exhibited only two intense areas 
which were spread along the transverse direction. 
Although the combined effect of a 600° and a 900°C 
anneal was required to develop this texture, it may 
be regarded as the end state of a series characteristic 
of annealing in the a temperature region. It may be 
used for evaluation of $-annealing texture, since 
there are no new areas which can be attributed to 
the transformation. 

Results obtained recently when severely cold-re- 
duced sheets of zirconium were annealed at 1000°, 


Fig. 3—(0002) pole figure of 99.8 pct cold-reduced zirconium sheet 
heated in the furnace from 900° to 1100°C and held % hr at 
1100°C. 
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Fig. 4—Predicted orientations for (1010) poles from an original 
texture, (0001) at 40° from the rolling plane and [1120] in the 
rolling direction, heated above the transformation temp2rature. The 
encircled points indicate superposition of 2, 3, or 6 poles with the 
number increasing with the size of circle. Poles clustered in the big 
circles agree with observed high intensity areas. 


1100°, and 1200°C show new areas in the (1010) 
pole figures as illustrated in Fig. 2. On comparison 
with Fig. 1, these areas were particularly noticeable 
on the basic great circle at approximately 40° to 45° 
from the rolling direction and in the transverse 
direction.t Although the preferred orientation be- 


7 New peaks were also observed in the rolling direction about 50° 
from the normal to the rolling plane, but the maximum intensity 
was slightly less than the lowest intensity recorded in these figures. 


RD 


Fig. 5—Predicted orientations for (0002) poles from an original 
texture, (0001) at 40° from the rolling plane and [1120] in the 
rolling direction, heated above the transformation temperature. The 
“encircled points indicate superposition of 2, 3, or 6 poles with the 
number-increasing with the size of circle. ‘ 
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came less pronounced with increased annealing tem- 
perature, the dominant component would appear to 
be still (0002) about 40° to the rolling plane with 


[1120] in the rolling direction like Fig. 1. However, 
inspection of the (0002) pole figures as illustrated 


by Fig. 3 and the (1010) poles predicted in Fig. 4 
indicates that what appears to be a single component 
comes about from the superposition of a number of 
different orientations. 

The new areas are related to the initial texture 
by the Burgers orientation relationship, as shown 
most simply by comparing the predicted pole loca- 
tions of Fig. 5 with the (0002) pole figure in Fig. 3. 
This relationship is one in which the (0001) plane 
of the hexagonal modification is parallel to one of 


the {110}cubic planes with a [1120] hexagonal di- 
rection parallel to one of the <111> cubic direc- 
tions. The points in Fig. 5 represent (0002) poles 
predicted for the hexagonal product formed on 
cooling the cubic product arising from heating 
the hexagonal material with the nominal texture 


(0002) 40° to the rolling plane, [1120], in the 
rolling direction. Each of the two initial hexag- 
onal orientations produce six orientations of the 
cubic form on heating, and each of these could 
provide six orientations of basal poles on cooling 
for an increase from two to a total of 72 orienta- 
tions of basal poles.** Superposition of some, shown 


** McGeary and Lustman' had evidently neglected to consider 
five of the six possible cubic orientations from each original hex- 
agonal orientation since their predicted pole figure (their Fig. 6a) 
shows only one sixth the number of poles as the authors’ Fig. 5. 
The predicted orientations in this report include the three [1120] 
directions in the basal plane to which each of two [111] directions 
in the single (110) plane of the cubic form can be parallel. 


by circles in Fig. 5, and grouping of others ade- 
quately explain the locations and shapes of the 
high intensity areas of the observed (0002) poles 
in Fig. 3. Planes of the (1010) type involve a fur- 
ther multiplicity of six, or a total of 432, poles and 
in the absence of significant grouping might merely 
contribute to the background and spread of the pole 
figure. The effect of temperature in the range 1000° 


to 1200°C is not clearly recognized in the (1010) 


Fig. 6—(1010) pole figure of 99.8 pct cold-reduced zirconium sheet 
annealed 1 hr at 1400°C. 


FEBRUARY 1955, JOURNAL OF METALS—397 


© © 
Os 
On, 
© & © 
©): ee © 
|_| 
RD 
e 
\ 
\ 
e 
e e \ / 
/ 
| ©: ©) 
e \ 
AS 
e e ‘ = 
(0) 


Fig. 7—(0002) pole figure of 99.8 pct cold-reduced zirconium sheet 
annealed 1 hr at 1400°C. 


Fig. 8—Predicted (1010) poles for a-zirconium transformed from a 
cube texture of f. 


texture. Nevertheless, the outstanding feature for 
zirconium sheet annealed at temperatures up to 
1200°C is a pole figure which resembles the nomi- 
nal recrystallization texture, but the prominent dif- 
ference is apparent on the (0002) pole figure. Fig. 
4 shows the positions of (1010) poles predicted from 
a heat treatment in the 6 region, followed by cooling 
again into the hexagonal-close-packed temperature 
region, assuming the texture before the f-heat 
treatment was that of a symmetrical texture about 
a [1120] direction in the rolling direction and the 
basal planes tilted 40° to the rolling plane. The 
good correlations of these predicted (0002) and 


(1010) poles with the experimental results suggests 
that the cold-rolled hexagonal sheet recrystallized 
during heating before transforming. 
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Fig. 9—Predicted (0002) poles for a-zirconium transformed from a 


cube texture of £. 


Fig. 10—(1010) pole figure for 99.8 pet cold-reduced zirconium sheet. 
The spurious reflections originally in the transverse direction from 
(0002) planes have been removed. The orientations of (1010) poles 
for the deformation texture (0001) [1010] with a tilt +40° about 
the axis of the rolling direction are indicated by triangles. 


The presence of preferentially distributed im- 
purity particles or the presence of lattice strain re- 
maining after the transformation could account for 
the ability of the 8 zirconium to return its original 
a orientation during cooling after annealing below 
1000°C in the 8 range in preference to the alternate 
orientations possible through the Burgers orienta- 
tion relationship for the a and 8 phases. Increasing 
the B-annealing temperature to 1000°C and above 
would reduce the influence of both possibilities by 
allowing greater solution of the impurity and by 
permitting relief of the lattice strain. The results 
of this investigation do not distinguish between the 
two possibilities. 

An annealing treatment of 1400°C for 1 hr pro- 
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Fig. 11—(1010) pole figure for 99.8 pct cold-reduced zirconium 
sheet annealed 1 hr at 500°C. The spurious reflections originally 
in the transyerse direction from (0002) planes have been removed. 
The squares indicate the orientations of (1010) poles for a texture 
with a 38° angle between the rolling plane and the basal plane, a 
14° angle between the axes of tilt and the rolling direction, and an 
angle of 14° between the [1010] direction and the rolling direction. 


duced another new texture in the a-zirconium, as 
shown by Figs. 6 and 7. Rather than being based 
on an a-annealing texture, this new texture could 
be predicted from a cube texture (the (100) planes 
parallel to the rolling plane and the [100] direction 
parallel to the rolling direction in the B-phase). In 


Fig. 8 are plotted the (1010) poles that would be 
predicted by the Burgers transformation orientation 
relationship from a cube texture of the body-cen- 
tered-cubic phase. Fig. 9 shows the locations of 
(0002) poles similarly predicted from a cube texture 
of #-zirconium. Comparison of Fig. 8 with 6 and 
Fig. 9 with 7 shows that a cube texture was present 
in the zirconium at 1400°C. The a-annealing tex- 
ture ([1120] in the rolling direction and basal 
planes tilted +40° about the rolling direction) no 
longer predominates in the high temperature B- 
annealed texture. 

The results for f-annealed zirconium are very 
similar to those obtained for 6-annealed titanium.” 
In both instances, annealing just above the allotropic 
transformation temperature resulted in an essen- 
tially complete return to the a-annealing texture 
during cooling. Also, for both metals, annealing at 
higher temperatures in the @ region caused new 
orientations to appear; first, those that could be 
predicted from the a annealing texture using the 
f-a orientation relationships and secondly, a new 
texture resulted from annealing at the very highest 
temperatures where a cube orientation of the body- 
centered-cubic 8 phase developed during annealing. 
It was necessary to anneal zirconium at 1400°C for 
1 hr to develop the cube texture, whereas 1 hr at 
1200°C developed the cube texture in titanium. 

Reappraisal of Cold-Reduced and a-Annealing 
Textures: On the basis of spurious reflections en- 
countered in a recently completed study of the pre- 
ferred orientations of titanium,’ cold-reduced zir- 
conium and cold-reduced zirconium annealed at 
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Fig. 12—(1010) pole figure of 99.8 pct cold-reduced zirconium 
sheet annealed 30 min at 600°C. The squares indicate the orienta- 
tions of (1010) poles for a texture with a 35° angle between the 
rolling plane and the basal planes, a 7° angle between the axis of 
tilt and the rolling direction, and an angle of 20° between the 
rolling direction and the [1010] direction. 


temperatures up through 500°C were re-examined 
to see if the minor intensity peaks observed in the 
transverse direction of these pole figures’ were real. 
These areas were removed when the Ka component 
of the copper radiation was eliminated with a cobalt 
filter. This behavior showed that the reflections 
were reflections of Ka radiation and not components 
of the white radiation which have produced spurious 
areas in pole figures of iron and nickel alloys.* When 
the resolution of the spectrometer was improved by 
substituting a 1° source slit for the normally used 3° 
source slit, the spurious areas completely disap- 
peared as shown in Figs. 10 and 11. The spurious 
areas were apparently caused by lack of resolution 


of the (1010) and (0002) reflections which are only 
2.9° apart in 26. On this basis, the minor areas in 
the transverse direction of previously published 
pole figures for zirconium (Figs. 1, 4, and 5 of ref. 1) 
should be disregarded. 

Further reappraisal of previous work on the a- 
annealing textures concerns the quantitative 
changes of the textures when described relative to 
the cold-rolled texture. The recrystallized texture 
for annealing at 600°C which is reproduced as Fig. 
12 was described as being related to the original 
cold-rolled texture by a nominal rotation of 30° 
about the basal poles in agreement with earlier work 
based on the film technique.” It was also pointed 
out’ that a more detailed examination showed, how- 
ever, that the rotations appeared to be combinations 
of a small rotation of the range 16° to 24° and a 
larger rotation of the range of 34° to 46°. From 
these relations, the conclusion was warranted that 


the [1120] directions were not in the rolling direc- 
tion, but tilted about 10° from the rolling direction 
(and out of the rolling plane). 

Further examination provides the more. precise 
results of texture analysis of zirconium using the 
Geiger-counter spectrometer technique which are 
summarized in Table II. The summary shows that 
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Table Il. Results of Texture Analysis on Zirconium Using 
Geiger-Counter Spectrometer 


Angle Smallest 
Angle Between Angle 
Between Axisof Between 
RPand Tiltand RDand  Refer- 
Treatment (0001) RD [1010] ence 
Cold rolled 36° 0 0 13 
Cold rolled 40° 0 0 1 
Annealed at 300°C 38° 0 0 ui 
Annealed at 400°C 45° 0 0 1 
Annealed at 500°C 38° 14° 14° 1 
Annealed at 600°C 36° Wee 20°* 13 
Annealed at 600°C 35° ae 203" 1 
Annealed at 800°C 40° 5° 22°* — 
Annealed at 900°C 40° 2° 24°* 1 
Annealed at 600°C + 900°C 40° 0 Bone at 
Annealed at 1000°C 40°+ 0 30°* _ 
Annealed at 1100°C 40°; 0 
Annealed at 1200°C 30°F 0 
Annealed at 1400°C 22 


* [1010] not in rolling plane. For the cases when this angle is 
30°, the [1120] is in the rolling direction. 

7+ New components are due to transformation also present. 

tA result of a cube texture in the 8 phase during annealing. 


the angle of tilt between the rolling plane (RP) and 
the (0001) plane varies somewhat with annealing 
temperature. More significantly, however, the axis 
of tilt is not parallel to the rolling direction (RD) 
on annealing in the range 500° to 900°C, but starts 
at a higher angle to the rolling direction which 
gradually decreases with increasing annealing tem- 


perature as the [1010] poles move away from the 
rolling direction. A simple rotation of 30° about the 
basal poles of the cold-rolling texture can nominally 
describe these annealing textures, but the actual 
textures obtained at intermediate annealing tem- 
peratures indicate a more precise description would 
involve a complex series of orientation changes. 
The two types of splitting of the intense areas of the 
pole figures for samples annealed in the range 500° 
to 900°C (compare Figs. 11 and 12 with 1) can be 
described as 1—about the rolling direction and 2— 
about the normal to the rolling plane (500°C) or 
normal to the basal plane (600° to 900°C). These 
rotations depend quantitatively on annealing tem- 


perature and the [1120] direction approaches the 
rolling direction only when the anneal temperature 
approaches 900°C. The agreement of the results in 
Table II for two different determinations’” of the 
600°C annealing texture is noteworthy. Results for 
800°C annealing were determined in the present 
work to provide data for a temperature intermediate 
between 600° and 900°C. 

The results for a-annealed textures of zirconium 
when precisely appraised are similar to those for 
titanium:* the quantitative description relative to 
the cold-rolled texture is dependent on annealing 
temperature. In the case of titanium, the second 
axis of tilt was about the normal to the sheet sur- 


face with the [1010] direction remaining in the roll- 
ing plane on annealing at 500° to 950°C, whereas 
this axis served only for the description of the 500°C 
annealing texture of zirconium. With both materials 
the change in orientation increased with annealing 
temperature in the range below that at which the 
transformation texture dominated. These results 
provide the conclusions that the “‘recrystallization 
texture”? cannot be specified categorically and that 
possibly a temperature dependence of the relation- 
ship between interfacial energy and orientation 
should be included in theories that purport to ex- 
plain the origin of recrystallization textures. 
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Conclusions and Summary 

The transformation textures in unalloyed zir- 
conium are strongly dependent upon the f-anneal- 
ing temperature and these textures can be placed in 
three categories: 1—Annealing at 900°C, just above 
the allotropic transformation, permits essentially 
total reversion to the a-annealing texture. 2—An- 
nealing in the range 1000° to 1200°C produces new 
areas in the pole figures that can be explained by 
the Burgers orientation relations, using the nominal 
a-annealing texture as a basis. 3—Annealing at 
1400°C, about 525°C above the allotropic transfor- 
mation temperature, produces a new series of hex- 
agonal orientations that are shown to arise from a 
cube orientation of the 8 zirconium during anneal- 
ing. The nominal a-annealing texture is no longer 
predominant after annealing at 1400°C. 

Certain minor intensity peaks which have been 
reported in the transverse direction of pole figures 
for zirconium have been identified as spurious and 
should be disregarded. 

The change in orientation from that of the cold- 
rolled material to that of the a-annealed texture, 
although nominally described as a 30° rotation 
about the basal poles, is actually a more complex 
series of changes, as shown in Table II. 
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Cold-Rolled Textures of Silicon-lron Crystals 


by P. K. Koh and C. G. Dunn 


Si-Fe single crystals in a number of selected orientations were cold rolled 70 pct 
and analyzed to obtain quantitative (110) pole figures. Stable end orientations were 
determined, and the effect of orientation on deformation behavior was investigated. 


HEN single crystals are cold rolled sufficiently, 

they rotate into end orientations that are sta- 
ble or unchanged in:position with additional de- 
formation. The end orientations of heavily cold- 
rolled iron crystals, positioned in holes in copper to 
limit lateral flow and to simulate polycrystalline 
conditions during deformation, were determined by 
Barrett and Levenson.’ They found that the sum of 
the end orientations, a pole figure for all the crystals 
studied, reproduced the essential features of the 
cold-rolled texture of polycrystalline iron. In an 
investigation of Fe-Si alloys, Barrett, Ansel, and 
Mehl’ observed little effect of silicon content on the 
textures of heavily cold-rolled samples. Since alloys 
with less than 4 pct Si are known to have the same 
slip systems as iron,’ it seems logical to expect that 
they would also have the same end orientations as 
those for iron. 

Whereas Barrett and Levenson in their study of 
single crystals were interested in the problem of the 
origin of the cold-rolled texture of polycrystalline 
iron, the present authors are more interested in the 
final cold-rolled textures of single crystals of Si-Fe 
from the point of view of their relationship to sub- 
sequent recrystallization phenomena which will be 
reported in another paper. Nevertheless, such points 
as the tendency of an end orientation not to rotate 
(stability), the tendency of a pole concentration to 
spread out, and the tendency of the crystal to widen 
during cold rolling become interesting separately 
when the initial orientations are selected already in 
end orientations. Also the initial orientations having 
a [110] axis parallel with the transverse direction, 
which include the two end orientations (111) [112] 
and (001) [110], comprise a series that needs fur- 
ther clarification regarding the way such crystals 
rotate during deformation. Finally the present use 
of quantitative pole figure methods’ represents an 
advance over the X-ray photographic method em- 
ployed by Barrett and Levenson in their work on 
end orientations. 

The present investigation provides information on 
the cold-rolling behavior of two groups of Si-Fe 


P. K. KOH is associated with Research Laboratories, Allegheny 
Ludlum Steel Corp., Brackenridge, Pa., and C. G. DUNN, Member 
AIME, is associated with General Electric Co., Pittsfield, Mass. 

Discussion of this paper, TP 3944E, may be sent, 2 copies, to 
AIME by Apr. 1, 1955. Manuscript, Sept. 13, 1954. Chicago Meet- 
ing, February 1955. 
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crystals: 1—crystals initially oriented in recognized 
end orientations for iron crystals with a [110] di- 
rection parallel with the rolling direction, and 2— 
crystals initially oriented with a [110] direction 90° 
to the rolling direction and in the rolling plane. For 
the second group, there is a 90° range between the 
(001) [110] orientation and the (110) [001] orienta- 
tion. Since the 35° portion of this range from (110) 
[001] to (111) [112] was included in a previous in- 
vestigation, only the remaining 55° portion from 


(111) [112] to (001) [110] needs further considera- 


tion. Also, since both (111) [112] and (001) [110] 
are end orientations for iron crystals,’ there might 
be a critical orientation* or orientation range be- 


* W. W. Martin and C. G. Dunn® noted that (112) [111] was 
such a critical orientation. 


tween them such that early in the deformation an 
orientation within this critical range splits into two 
orientations. Upon further deformation, these two 
orientations rotate to produce a final texture con- 
sisting of (001) [110] and (111) [112] components. 

The end orientations obtained are discussed in 
connection with the work of Barrett and Levenson, 
while the observed tendency for lateral flow of crys- 
tals in these orientations is treated in terms of the 
theory of Hibbard and Yen.’ Lateral flow according 
to the theory increases with deviation of the plane 
containing the rolling direction and the slip direction 
from a position perpendicular to the plane of rolling. 


Experimental Procedure 
Single crystals in sheet form with preselected ori- 
entations were prepared by methods that have been 
described elsewhere.*+ Three lots designated A, B, 


+ Martindale and Langford® describe a similar procedure for pre- 
paring single crystals of Si-Fe of lower silicon content than that 
used here, 
and C with 3.25 pct Si, 0.004 pct C, 0.009 pct P, 0.010 
pet S, 0.035 pct Mn, 0.070 pct Ni, 0.090 pct Cu, 0.009 
pet Sn, and only traces of aluminum and chromium 
were used. Depending on lot, initial thickness varied 
between 0.025 and 0.030 in., but the reduction in 
thickness was held as closely as possible to 70 pct 
to make present data comparable with those ob- 
tained in an investigation of recrystallization phe- 
nomena.’ Specimens approximately 1.25 in. wide 
were cold rolled without auxiliary constraining de- 
vices on an 8 in. diam mill. 
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Table |. Description of Specimens 


Initial Orientation 


Cold-Rolled Texture 


Pct Widen- Primary* Re- 
Rolling Rolling Rolling Rolling ing During crystallization 
Specimen Group Plane Direction Plane Direction Rolling Tendency 
Al II (335) [556] (111) [112] 20 Strong 
A2 I (335) [10] (335) [110] 9 Weak 
A3 II (112) (111) (111) 10 Strong 
plus 
(001) [110] 
A4 I (112) [110] (112) (110) 5 Weak 
Bl II (111) [112] (111) [112] 21 Strong 
B2 I (111) (110) (111) [110] 9 Strong 
Cl II (113) (332] (001) [110] 3 Very weak 
C2 I (114) [110] (114) (110) 3 Very weak 
C3 II (1,1,16) [881] (001) [110] 3 Weak 
B3 II (112) (111) 
B4 so: (111) [15° from 110) 
II (225) (554] 
C5 I (1,1,16) [110] 


* The column showing tendency to recrystallize on annealing has been included as a qualitative correlating item having the following 
meanings for annealing at temperatures near 1000°C: strong, recrystallizes within less than 1 min to a fine grained structure; weak, re- 
crystallizes within 1 hr to a coarse-grained structure; and very weak, recrystallizes in a matter of hours to a very coarse-grained structure. 


Table I gives a summary of rolling data for the 13 
specimens studied. Some of the specimens were used 
only in a qualitative way, but the first 9 of the table 
were analyzed to give quantitative pole figures. 

X-ray specimens 0.002 in. thick were taken from 
the central portion of the cold-rolled crystals. X-ray 
data were obtained by a transmission method* using 
an integrating specimen holder in conjunction with 
a Geiger-counter diffractometer. MoKe radiation 
was obtained at 40 kv and 20 ma. A 1° slit was used 
to define the incident beam and a soller slit and a 
0.3° detector slit, for the diffracted beam. To elim- 
inate white radiation and fluorescence effects, a 
0.0015 in. thick zirconium foil was inserted immedi- 
ately before the Geiger-counter window. Diffrac- 
tion was from (110) planes. Scanning of each speci- 
men included a rotation angle of 360° and tilt angles 
‘of 5° steps to cover the area of the stereogram from 
30° of the center to the basic circle. Chart records 
were calibrated in counts per second and then con- 
verted into pole density units.”* Only one random 


Fig. 1—Pole density stereogram of (110) poles of specimen B2 
cold rolled 70 pct. Contour lines are a 1.5, 6, 24, 96, 384 pole 
density unit sequence. Black dots give the initial orientation (111) 


[110]. 
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orientation specimen (made with iron powder) was 
used in establishing these units; the Decker-Asp- 
Harker” correction formula was used for specimens 
of different ut values and for specimens at various 
tilt angles. 

Contour lines in each stereogram were taken as a 
geometric series of pole density values, namely, 1.5, 
3, 6, 12, 24, 48, 96, etc. pole density units, except in 
those stereograms where these lines fell too close 
together due to the extreme sharpness of the pole 
concentrations. In such cases the sequence used was 
the following: 1.5, 6, 24, 96, 384, etc. pole density 
units. For those more familiar with “times random” 
units, the present pole density units may be recon- 
verted to “times random” units by dividing by a 
factor of 6. 


Results 


The stereograms giving the cold-rolled textures 
of the nine specimens studied are shown in Figs. 1 
through 9. The six black dots in each stereogram 


Fig. 2—Pole density stereogram of (110) poles of specimen A2 
cold rolled 70 pct. Contour lines are a 1.5, 6, 24, 96, 384 pole 
density unit sequence. Black dots give the initial orientation 


(335) [110]. 
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Fig. 3—Pole density stereogram of (110) poles of specimen A4 
cold rolled 70 pct. Contour lines are a 1.5, 6, 24, 96, 384 pole 
density unit sequence. Black dots give the initial orientation 


(112) [110]. 


locate the (110) poles of each original crystal. The 
numbers opposite pole concentrations refer to the 
highest pole density levels plotted and not to peak 
heights. The lowest level plotted is always 1.5 pole 
density units. Fig. 10 gives a Lauegram of specimen 
(Gay 

In Figs. 1 through 5 and Fig. 10 for specimens B2, 
A2, A4, C2, C3, and C5, respectively, representing 
specimens of the first group with a [110] direction 
parallel to the rolling direction, it can be seen that 
the orientations remained essentially unchanged 
during deformation. Only after a 5° rotation is 
specimen C3 an ideal member of the first group. 
The qualitative information on specimen C5, with 
initial and final Lauegrams showing no rotation 
above an error of two degrees, also establishes the 


Fig. 4—Pole density stereogram of (110) poles of specimen C2 
cold rolled 70 pct. Contour lines are a 1.5, 6, 24, 96, 384 pole 
Black dots give the initial orientation 


(114) [110]. 
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Fig. 5—Pole density stereogram of (110) poles of specimen C3 
cold rolled 70 pct. Contour lines are a 1.5, 6, 24, 96, 384 pole 
density unit sequence. Black dots give the initial orientation 


(1,1,16) [881] or a 5° tilt from (001) [110]. 


stability of the (1,1,16) [110] orientation, which is 
5° from (001) [110]. 

In the second group with a [110] direction 90° to 
the rolling direction, all but one orientation rotated 
during deformation. Specimen C3 (Fig. 5) rotated 
5° and specimen Cl (Fig. 6) rotated 25° to the stable 
end orientation (001) [110]. On the other hand, 
specimen B1 (Fig. 7) maintained the (111) [112] 
end orientation, while specimen Al (Fig. 8) initially 
in a (335) [556] orientation rotated 15° into the 


(111) [112] end orientation. Fig. 9, however, shows 
that specimen A3, which was initially in the (112) 


[111] orientation, developed a texture with two 


components, the (001) [110] and (111) [112] end 
orientations. According to qualitative information, 


Fig. 6—Pole density stereogram of (110) poles of specimen Cl 
cold rolled 70 pct. Contour lines are a 1.5, 6, 24, 96, 384, 1536 pole 


density unit sequence. Black dots give the initial orientation 


(113) [332]. 
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Fig. 7—Pole density stereogram of (110) poles of specimen B1 
cold rolled 70 pct. Contour lines are a 1.5, 3, 6, 24, 98, 192, 384 
pole density unit sequence. Black dots give the initial orientation 


(111) [112]. 


this situation was duplicated in specimen B3, which 
has the same orientation as specimen A3, and in 


specimen C4 in the (225) [554] orientation. Under 
the experimental conditions employed, there is 
therefore a 5° to 15° range of initial orientations 
that develop both end orientations simultaneously. 

Assuming a continuous variation in this critical 
range, the relative amounts of the final components 
would be expected to depend on the initial position 
in this range. The position of equality of compo- 
nents should not be far from the (112) [111] ori- 
entation according to the distribution obtained in 
Fig. 9. Regarding the origin of the two components, 
it was observed that specimens A3, B3, and C4 de- 
veloped macrodeformation bands in the cold-rolling 


Fig. 8—Pole density stereogram of (110) poles of specimen Al 
cold rolled 70 pct. Contour lines are a 1.5, 3, 6, 12, 24, 48, 192, 
384 pole density unit sequence. Black dots give initial orientation 


(335) [556]. 
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Fig. 9—Pole density stereogram of (110) poles of specimen A3 
cold rolled 70 pct. Contour lines are a 1.5, 3, 6, 12, 24, 48, 192 
pole density unit sequence. Black dots give the initial orientation 


(112) [111]. 


process; so it was thought that these bands prob- 
ably led to the production of the two components 
found in the texture. A simple proof of this was ob- 
tained by taking Lauegrams of individual bands; 
these showed one or the other of the end orientations. 

Finally, the qualitative study made on specimen 
B4, the (111) [15° from 110] orientation, indicated 
its being an end orientation (rotation estimated at 
less than 2°), and this is similar to the behavior of 
the (111) [110] and (111) [112] orientations of 
groups I and II, respectively. 

The stereograms also show the sharpness of the 
various (110) pole concentrations and hence the 
sharpness of the textures developed.* In group I 


*In an ideal quantitative pole figure with sharp single orienta- 
tion texture, the integral taken over an isolated pole concentration 
is one. In the present data, there are cases of pole concentrations 
that fall short on this score, but otherwise they appear reasonably 
accurate. 


(Figs. 1 through 5), which have sharp textures, it 
can be seen that orientations near (001) [110] are 


sharper than those near (111) [110]. This appear- 
ance correlates to a degree with the percentage of 
widening and the tendency to recrystallize shown in 
Table I. In group II (Figs. 6 through 9), the (001) 
[110] end orientations are considerably sharper than 
the (111) [112] end orientations, and this appear- 
ance also correlates with percentages of widening 
and tendency to recrystallize. 


Discussion of Results 


The results for group I crystals after a 70 pct 
cold-rolling reduction show that all orientations in- 


vestigated between (001) [110] and (111) [110] are 
stable. ‘Therefore, lacking any significant rotation 
about a [110] axis or lateral tilting, it may be con- 
cluded that the entire range is a continuous one of 
stable end orientations, which agrees with the con- 
clusion reached by Barrett and Levenson’ in their 
work on iron crystals. The more quantitative as- 
pects disclosed in the present work, however, estab- 
lish the nature of the stable end orientations to a 
greater degree of certainty. It was also pointed out 
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Fig. 10—Transmission Lauegram of specimen C5 cold rolled 
70 pet. Initial orientation (1,1,16) [110] or a (001) [110] 5° 
lateral tilt from (001) [110]. 


previously that there is a trend of decreasing sharp- 
ness of the texture as the orientation of the crystal 
is taken further from the (001) [110] orientation. 
Considering Figs. 1 and 7 for crystals initially ori- 
ented with a (111) plane parallel with the plane of 
rolling and also the qualitative information obtained 
for specimen B4, which was cold rolled along a di- 


rection 15° from a [110] direction, it can be seen . 


that these orientations form a stable set. Since a 
30° range covers all the possibilities and the authors’ 
three specimens cover this range, it appears quite 
definite that all orientations having a (111) plane in 
the plane of rolling are stable; this checks another 
conclusion reached by Barrett and Levenson.” It is 
apparent, however, that the (111) [110] orientation 
suffers less spread than the (111) [112] orientation 
in a 70 pct reduction. 

The present results for the group II crystals to- 
gether with those already published’ show that crys- 
tals cold rolled 90° to a [110] direction rotate either 
to the (111) [112] or the (001) [110] stable end 
orientation except for crystals in a narrow range 
near the (112) [111] orientation. Crystals near the 
(112) [111] orientation develop macrodeformation 
bands, which rotate individually. The cold-rolled 
textures for these crystals consist of both (111) 
[112] and (001) [110] end orientations. Fig. 11 
summarizes the main rotation behavior of group II 
crystals. The two-dimensional diagram shows the 
position of atoms in a (110) plane for various ori- 
entations between (001) [110] and (110) [001]. The 
normal to specimen surface or rolling plane is verti- 
cal in the drawing and the rolling direction is to the 


right. The arrows indicate the direction and amount 
of rotation as a result of the cold-rolling reductions 
employed, while the captions for each figure indi- 
cate whether the final cold-rolled texture has one 
or two components. Absence of an arrow indicates 
no reorientation and thus a stable end orientation. 

Although the question of active slip planes arises 
in every deformation process, the complexity of this 
problem precludes a fruitful treatment of the pres- 
ent data. Nevertheless, the data may be of value 
for checking predicted textures or the behavior of 
end orientations. (Calnan and Clews” have recently 
treated body-centered-cubic lattices.) On the other 
hand, it is of interest to consider the orientation re- 
quirements postulated by Hibbard and Yen‘ for ob- 
taining cold-rolling reductions without appreciable 
widening because the present data bear on this 
problem. 

Although the slip plane is of importance in the 
Hibbard-Yen theory, the slip direction is of special 
importance. This direction may be taken as [111] 
in the body-centered-cubic lattice. Hibbard and Yen 
state that the active [111] slip directions should lie 
in the plane containing the rolling direction and the 
normal to the rolling plane if lateral flow is to be 
avoided (it is realized, of course, that constraints 
can prevent widening and that as many as five slip 
systems may have to become active in order to 
maintain continuity between neighboring grains™ *). 
Let w be the amount of rotation about the rolling 
direction as an axis for a plane that starts normal 
to the rolling plane and ends containing the active 
[111] slip direction. In the absence of constraints, 
lateral flow, according to Hibbard and Yen, should 
increase as w increases. 

In all of the group I crystals, there are two sym- 
metrically positioned [111] directions 35° from the 
rolling direction; these should be active for flow in 
the rolling direction. The angle wo is zero for a (001) 
[110] orientation; it increases with rotations away 


from (001) [110] and reaches 55° in the (111) [110] 
orientation. Since widening also increases in this 
sequence according to Table I, it can be seen that 
widening correlates reasonably well with o, being 
small when ow is small and appreciably larger when 
w is large. Other slip directions no doubt have to be 
active to account for no noticeable lateral rotation 
of orientations (i.e., movement of peak positions in 
the stereograms). 

In the group II crystals, it can be seen that o is 
69° for two [111] slip directions and zero for a third 
[111] direction, which should be active in the (111) 
[112] stable end orientation for producing flow in 
the rolling direction. The large values of w correlate 
well with the fairly large amount of widening ob- 
served for specimen Bl. (Very recent results also 


ool 12 3355 33! 110 
e 55° 50° 35" 13° 
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Fig. 1I—A (110) layer view showing nature of rotation produced by cold rolling 7 initial orientations in 


a 90° range. The direction normal to the plane of the drawing is the [110] axis of each crystal that 
lies parallel to the transverse direction C.D. of the stereograms. Miller indices of directions that are 
normal to the plane of rolling appear over each illustration. Approximate angles between [001] and 
the rolling direction are indicated. One C or two C refers to one component or two components in the 


texture produced by cold rolling. 
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show a marked effect of initial thickness, thus indi- 
cating further complexities. ) 


Summary and Conclusions 

Si-Fe crystals grown to preselected orientations 
were cold rolled to a reduction in thickness of 70 pct 
to obtain specimens for quantitative pole figure data. 
The cold-rolled textures showed the following: 

1—Initial orientations in a (001) [110] to (111) 
[110] series are stable end orientations. 

2—Initial orientations having a (111) plane par- 


allel to the plane of rolling, such as (111) [112], 


(111) [110], and others, are stable end orientations. 

3—Initial orientations in a series from (001) to 
(111) parallel to the rolling plane and with [110] 
always 90° to the rolling direction either rotate to 
or maintain one or the other of two end orienta- 
tions—namely, (001) [110] or (111) [112]—except 
for a narrow range near (112) [111]. Orientations 
near (112) [111] develop a texture with two com- 
ponents—(001) [110] + (111) [112]—via the de- 
velopment of macrodeformation bands. 

4—-Sharpness of texture is dependent on initial 
orientation and correlates qualitatively with ten- 
dency to recrystallize upon annealing. 

5—Widening during deformation correlates with 
the position of [111] slip directions in agreement 
with the theory of Hibbard and Yen. 
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Technical Note 


Cellular Structure in High Purity Zinc 


by R. P. Steijn 


T has been observed by a number of investigators 

that under certain conditions metals freeze into 
an aggregate of small hexagonal strands, parallel to 
one another and with their axes approximately in 
the direction of growth.** This structure has been 
termed ‘‘cellular structure” and is explained in vari- 
ous ways by different workers, notably by Rutter 
and Chalmers.* These investigators attribute the 
phenomenon to the presence of minute quantities of 
solute atoms which induce constitutional supercool- 
ing. However, if this is true, observations of the 
cellular structure in extremely pure substances, like 


Fig. 1—Etched section, perpendicular to di- Fig. 2—Etched section, parallel to direction 


frozen distilled water* and germanium of less than 
0.0001 atomic pct metallic solute, are difficult to 
comprehend. 

The purpose of this communication is to describe 
several observations made of the prismatic structure 
in zine of 99.99 pct purity. 

Zine single and bicrystals grown in a constant 
gradient electrical resistance furnace exhibit the 
cellular structure after etching in 15 pct HCl. (See 


Figs. 1 and 2.) It is noticed that the hexagonal sub- 
structure sometimes continues unbroken across the 
bicrystalline grain boundary. 


Fig. 3—Perpendicular to growth direction. 


rection of growth. X11. Area reduced approx- of growth. X11. Area reduced approximately X50. Area reduced approximately 40 pct for 


imately 40 pct for reproduction. 
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Fig. 4—Parallel to growth directio 


n. X25. Fig. 5—Perpendicular to growth direction. Fig. 6—Parallel to growth direction. X11. 


Area reduced approximately 40 pct for re- X11. Area reduced approximately 40 pct for Area reduced approximately 40 pct for re- 


production. reproduction. 


Zine crystals, grown by a modified Czochralski 
technique using a seed crystal rotating around a 
vertical axis at a speed of 150 rpm, show after etch- 
ing a pattern of undulations and etch figures akin 
to the cell structure. (See Figs. 3 and 4.) In terms 
of the Rutter-Chalmers mechanism, this observation 
can be explained as follows: the constant stirring of 
the melt by the rotating crystal rod tends to elimi- 
nate concentration gradients in the liquid near the 
interface, thereby making constitutional supercool- 
ing less likely. The result is an incomplete cell 
structure. 

Bicrystals and large columnar crystals of zinc, 
grown by the Bridgeman method in a high fre- 
quency induction furnace, show after etching con- 
centric rings on sections perpendicular to the growth 
direction (Fig. 5), and an array of concave bands on 
longitudinal cuts (Fig. 6). This happens in spite of 
the vigorous stirring of the melt by the induced 
eddy currents. The observation suggests that even 
under these conditions freezing is a steplike process. 

The hexagonal strands form small angle bound- 
aries with one another. Orientation differences up 
to 15 min are recorded in the literature.* Therefore, 
.a longitudinal cut through the prismatic structure 
should contain lineage boundaries. If proper condi- 
tions in terms of the plane of cut and angle of misfit 
prevail, these boundaries after etching may be re- 
solved optically as a row of etch pits at the sites of 
Taylor-Orowan dislocations. This was shown con- 
vincingly by Vogel et al.° for the lineage boundary 
in a germanium single crystal. 

The etch pits, revealed by careful etching of pol- 
ished sections parallel to the hexagonal strands in 
a zinc single crystal, are shown in Figs. 7, 8, and 9. 
The etchant was a chromic acid-sodium sulphate so- 
lution. Repolishing and re-etching makes the row 
of pits reappear; some vanish after repolishing twice, 
others persist over a considerable depth. Microra- 
diographs of thin wafers showed that the row of 
dots was not of globular lead inclusions as was first 
thought. The average spacing between the etch pits 
of Fig. 9 is 1.35x10* cm which corresponds to an 
angle of misfit of approximately 75 sec or less. It is 
felt that this observation gives additional evidence 
to the general belief that the low angle boundary 
consists of a series of equally spaced edge disloca- 
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Formation of Cold-Worked Regions in Fatigued Metal 


by Rayjor Webeler 


In order to study the role of work hardening in the fatigue process, use was made of 
the great sensitivty of the resistivity of AuCu to cold work. A change of the resis- 
tivity of AuCu of the order of 1 to 2 pct at the temperature of liquid nitrogen was 
found to occur as a consequence of severe fatigue. 


CCORDING to Orowan’s theory,’ the process of 

fatigue in metals is associated with the produc- 
tion of a number of small regions which have under- 
gone strain hardening. This phenomenon is supposed 
to occur even if the stress applied during fatiguing 
is always smaller than the yield stress. In an attempt 
to verity the existence of such regions, Welber and 
Webeler® undertook to detect the stored energy as- 
sociated with severe fatigue in copper. Previous 
experiments’ had shown that the energy stored in a 
sample of copper which has been cold worked by 
torsion is released in the temperature range between 
150° and 250°C when the sample is heated from 
room temperature and that no more energy is re- 
leased (or absorbed) between 250° and 450°C. In 
particular the stored energy amounted to 0.41 cal per 
g for a case in which the mechanical energy ex- 
pended in twisting the sample was 11.9 cal per g. In 
the case of fatigued copper, however, no release of 
stored energy could be detected between 150° and 
250°C, so that the experimental error of +£0.02 cal 
per g represents an upper limit for the amount of 
energy stored in strain hardening.* 


*The absorption of energy in the temperature range between 
250° and 320°C reported by these investigators in the case of fa- 
tigued copper is not observed in cold-worked copper and presum- 
ably has no connection with strain hardening. 


It seemed desirable to attack the problem in a new 
fashion. For this purpose, it was decided to make 
use of the fact that, if an alloy capable of undergoing 
the order-disorder transition is ordered and then 
cold worked, the resistivity, p, increases very greatly 
above the value for the ordered state even if the de- 
formation is very small. Some insight into the 
nature of the fatigue process may be obtained then 
by measuring the resistivity of an ordered sample 
before and after subjecting it to fatigue. For reasons 
which will become apparent from the following re- 
marks, considerably more can be learned by carry- 
ing out the resistivity measurements at two different 
temperatures. 

In the case of a material containing impurities, 
vacancies, dislocations, or other imperfections of es- 
sentially atomic dimensions, the resistivity, p, ac- 
cording to Matthiessen’s rule, can be represented as 
a sum of two terms p = pp + pi where pp is the (tem- 
perature dependent) resistivity of the pure metal, 
and p, is the temperature independent contribution 
of the imperfections. Briefly, the physical basis for 
this rule is the following: The main contribution of 
the impurities in question to the resistivity results 
from the fact that they interrupt the periodicity of 
the lattice and thus scatter the conduction electrons 
with a probability which is almost independent of 
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temperature. In order that this be the case, it is nec- 
essary that the extension of the impurities be small 
enough—roughly less than one electron mean free 
path—so that their main effect on the resistivity 
occurs for the foregoing reason. If an alloy like AuCu 
is partly or completely disordered by quenching 
from an appropriate temperature, Matthiessen’s rule 
also applies to a very good approximation* with pp 


* The change in the vibrational spectrum occurring as a result of 
the alteration of the elastic properties of the alloy during the order- 
disorder transformation should make Mathiessen’s rule inexact in 
tnis case. Such a deviation would be indicated by a change in the 
Debye temperature with the degree of order. E. Passaglia and W. F. 
Love? were unable to detect such a change at all and Dr. David 
Kahn of this laboratory, who has observed a change of this quan- 
tity, found it of a magnitude much too small to affect the applicabil- 
ity of Matthiessen’s rule in the analysis of the present experiment. 
representing in this case the resistivity po of the 
ordered sample and p; the additional (temperature 
independent) resistivity due to the disorder. In gen- 
eral, the disorder can be represented in terms of 
atoms which are displaced from their “proper” posi- 
tions in the superlattice and which thus qualitatively 
represent the imperfections in the superlattice re- 
sponsible for the term p;. Since the misplaced atoms 
are distributed at random throughout the super- 
lattice, their contribution to the resistivity still can 
be considered in terms of the scattering of conduc- 
tion electrons by lattice defects. The situation is 
somewhat more complex in the case of an alloy dis- 
ordered by cold work because the process of dis- 
ordering here does not involve a random redistribu- 
tion of the atoms; however, Matthiessen’s rule also 
holds in this case. Whenever Matthiessen’s rule does 
apply, the values of the quantity 8 = (p. — p.)/(T: — 
T,), where p; and p, are the values of the resistivity 
at two fixed temperatures, T, and T., respectively, is 
constant (independent of p,) for a given alloy or 
metal. In particular, if a sample of AuCu is sub- 
jected to ordinary cold work, the value of 8 remains 
equal to Bo, the value for the ordered material. 

According to Orowan’s theory,’ as remarked be- 
fore, a fatigued sample contains a large number of 
isolated severely cold-worked regions, which make 
up only a small proportion of the metal. Thus, if a 
sample of AuCu initially in the ordered state is 
fatigued, more or less disordered regions will be 
produced within the ordered material. If these re- 
gions are small enough so that Matthiessen’s rule 
applies, then it follows from the previous discussion 
that 8 again will remain equal to Bo. If the effect of 
fatigue is to produce cold-worked regions which are 
macroscopic—of the order of at least several elec- 
tron mean free paths—the effective resistivity, p, has 
to be computed by use of the ordinary laws of large- 
scale electrodynamics. For the sake of simplicity, it 
will be assumed here that the cold-worked regions 
are completely disordered and have a resistivity, pp. 
For a given proportion \ of disordered regions the 
effective resistivity, p, for the current in a given 
direction depends on the geometrical configuration 
of these regions. In any case, the value of p for such 
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a sample lies between two extremes Pser and 


given by 
Pser = (1 X 

) po ae P. [1] 


The two limits correspond, respectively, to the 
cases where the ordered and disordered regions are 
electrically in series and in parallel. The quantity 8, 
in the first case, is given by 
= Bo [3] 

and, in the second, for the values of po and pp en- 
countered here and \ < < 1, by 

Boar = Bo(1 + 3d/5). [4] 
If the disordered regions are regularly shaped and 
are randomly distributed throughout the sample, 
then it follows from calculations of Landauer‘ that 
the effective resistivity, for \ < < 1, is 


Pmix = poll + 3d(po — po)/ (pn + po) ] [5] 
and that the value of 8 for the present values of Po 
and pp is given by 

Bmix = Bo(1 + 2d/3). [6] 

It follows from the discussion that in the present 
study it is useful not only to measure the value of p 
at a single temperature but also to determine the 
value of 8. The extent to which the value of 8 ob- 
tained remains constant for cold-worked samples 
provides an estimate of the accuracy of the deter- 
mination of p; in addition, from the behavior of 8 


when the sample is fatigued, conclusions can be 


drawn concerning the configuration of the cold- 
worked regions in such a sample. 

The experiments were done with six AuCu wires 
0.050 in. in diameter and 28 in. long. To serve as 
potential leads in the subsequent resistivity meas- 
urements, a pair of 0.020 in. diam AuCu wires was 
spot welded to each of these samples on either side 
of its center. The samples then were brought into a 
fairly well ordered state by annealing 18 hr at 
290°C. The average grain diameter of the alloy was 
0.035 mm (ASTM 6). The length (approximately 
9.5 cm) and diameter of the portion of each wire 
located between the potential leads were measured 
and the resistance of this section then determined at 
77.4°K (liquid nitrogen temperature) and at 298.2°K 
by means of a Kelvin bridge. The way in which the 
rest of the study was carried out can .be explained 
best by describing in detail an individual experi- 
ment done with two of the samples, a and b. Sample 
a was placed in a Krouse fatigue machine with the 
aid of a pair of adapters like that shown in Fig. 1. 
Each end of the wire W was fastened to the cylindri- 
cal surface of an aluminum drum D, which was 112 
in. in diameter, by a clamp C, and two turns of the 
wire were taken around the drum. The fixture B 
consisted of a pair of rubber-covered metal pieces 
which were pressed against the wire and served to 
diminish its motion relative to the drum D during 
the operation of the fatigue machine. The adapters 
in turn were attached rigidly to the jaws of the 
fatigue machine in such a way that the sample was 
aligned properly between them. The wire was then 
subjected to an alternating tension which varied be- 
tween, 12,000 and 45,800 lb per sq in. for 290,000 
cycles (145 min) after which it broke at the point 
between one of the drums and the adjacent voltage 
lead. Sample b was used as a control to set an upper 
limit for the effects of any plastic deformation that 
might result from the pure tension effects in sam- 
ple a. It was subjected to a static load of 47,000 Ib 
per sq in. for 165 min, a length of time approxi- 
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mately equal to that during which sample a was 
subjected to fatigue. Subsequently, the resistances 
and dimensions of the samples were measured. As 
far as could be ascertained neither the fatiguing nor 
the static loading induced any change in the dimen- 
sions of the wires. 


Results and Discussions 

Table I gives the values of p,, p,, and 8 obtained for 
each sample as well as Ap, and Ap., the change in the 
quantities in question as the result of the fatiguing 
process. Table II gives Ap,/p, and Af/B, the rela- 
tive changes in p, and £, respectively, for three sam- 
ples fatigued to failure and three samples subjected 
to static loading experiments of the type described, 
including those referred to in Table I. It can be seen 
that both static loading and fatiguing change the 
resistivity of the samples but that the change pro- 
duced by the fatiguing is considerably greater for a 
given maximum tension. The quantity AB/£, how- 
ever, is nearly zero for all the samples. This result 
is to be expected for the samples subjected to static 
loading, so that the observed scatter of +0.01 pct 
provides an estimate of the error involved in the 
measurement of p and £. In so far as the fatigued 
samples are concerned, the constancy of 8 means 
either that Matthiessen’s rule applies, i.e., the re- 
gions disordered by cold working are of dimen- 
sions less than one mean free path of the electrons 
in AuCu (about 1000A) or that they are rather 
larger than this and are disposed in such a way as 
to be electrically in series with the ordered regions. 
This latter situation would hold if the regions were 
of considerably greater extent in the direction per- 
pendicular to the axis of a wire than in the direction 
along the axis. Such a disk-shaped disordered re- 
gion would be found, e.g., if slip occurs along a 
large area of a plane’ resulting in an antiphase 
boundary. 

From the observed constancy of 8, the possibility 
that the disordered regions are roughly spherical and 


Fig. 1—Adapter 
employed to test 
wires in  Krouse 
fatigue machine. 


w— 
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Table |. Effects of Fatigue and Static Tension on the Electric Resistivity 9 of AuCu at the Temperatures 


T, =77.7°K and Tz = 298.2°K and on its Average Rate of Change with Temperature, 8 
21, 
Sample a Sample b 
As ordered Subjected to fatigue: As ordered Subjected tu static 
max. tensile, 45,800 lb tension: 46,900 lb 
per in.; min. tensile, per in. for 165 
12,000 lb per in.; 290,- min 
000 cycles in 145 min 
pi in cm 2.282 2.304 2.051 2.058 
(77.4°K) 
n 2Q cm 4.791 4.810 4.554 4.563 
(298.2°K) 
Api in cm) 0.022 0.007 
Ap2 in pQ em 0.019 0.009 
B in cm per °K 1.136x10-2 1.135x10-2 1.134x10-2 1.135x10 


of dimensions large compared to the mean free path 
can be excluded as follows: * If they are assumed to 


* In this consideration, it was assumed that the increase in resist- 
ivity is entirely due to fatigue effects. There is, as mentioned above, 
an effect due to static tensions which is, however, so small that it 
can be neglected here. 


be of this size and shape and, therefore, Eq. 5 is ap- 
pled to the measured change of p, for sample a, for 
example, \ is found to be 1.1 pet which means ac- 
cording to Eq. 6 that contrary to the results of the 
experiments, AB/8 should change by 0.7 pct. The 
same conclusion follows from the results obtained 
from the other fatigued samples. Similar consider- 
ations also exclude the possibility that the disordered 
regions are effectively electrically in parallel to the 
ordered ones. Finally, it should be remarked that, if 
microcracks were responsible for the change in the 
measured p, the relation 8/p = constant would hold, 
so that AB/B would equal Ap/p. This is not the case, 
Ap/p being at least 20 times as large as AB/B so that 
none of the effects found here can be due to micro- 
cracks. 

It can be seen from Table II that the relative 
change in p,, in the case of samples fatigued to fail- 
ure, ranges from 0.7 to 2.3 pct while the change in 
pi due to static loading is 0.2 to 0.3 pct. The change 
in the resistivity of the fatigued samples due to 
effects connected specifically with the cyclic loading 
must be at least as great as the difference between 
the Ap,/p: for the fatigued samples and the Ap,/p, for 
the statically loaded samples, which difference lies 
between 0.5 and 2.0 pct for the samples studied here. 
As mentioned before, the results are consistent with 
the existence of macroscopic disordered regions 
effectively in series electrically with the rest of the 
material. On the basis of this assumption, the frac- 
tion \ of the material which is disordered can be cal- 
culated from Eq. 2 and the results for each fatigued 
sample are given in Table II using value of p = 120 
cm for pp at the temperature T, = 77.4°K. It can be 


seen that the fraction of disordered material is 
always less than 4% of 1 pct. If the disordered regions 
have dimensions smaller than the electron mean free 
path, it is reasonable to compare the change in re- 
sistivity upon fatiguing with that due to static load- 
ing with the same maximum stress applied for the 
same length of time as the sample is fatigued. The 
ratio of these two quantities lies between 3 and 10. 
In order to convey some idea of the size of the effect, 
it should be remarked that a reduction in area of 
between 0.05 and 0.19 pct by swaging’ produces the 
same increase in resistivity of AuCu as did severe 
fatigue. 

In any event, the amount of cold working pro- 
duced by fatigue is so minute that the associated 
stored energy could not have been detected by cal- 
orimetric experiments of the type described pre- 
viously.” 

Summary 

In order to determine the extent to which cold- 
worked regions are formed during fatiguing, wires 
of ordered copper gold were fatigued to fracture at 
room temperature under tensile stresses of the order 
of 5x10* lb per sq in. It was found that the resistivity 
at liquid nitrogen temperature increased by 1 or 2 
pet as a consequence of the fatiguing while £, the 
average rate of change of resistivity with tempera- 
ture between liquid nitrogen and room temperature, 
was unaffected. Analysis of the results showed that 
these effects could not be explained either by the 
formation of microcracks or of small macroscopic 
uniformly distributed regions of cold-worked mate- 
rial which either are roughly spherical or have their 
longest dimension parallel to the axis of the wire. 
The affected regions must be either of microscopic 
size (less than an electron mean free path) or of 
macroscopic size with the longest dimension perpen- 
dicular to the axis (disk-shaped with axis parallel 
to that of the wire). . 


Table Il. Effect of Fatigue and of Static Tension on the Resistivity, 0;, of AuCu at the Temperature T, = 77.4°K 


Q2 — Q1 
and on the Average Rate of Change of 0 with Temperature, 8 — —————., Between the Temperatures 
and Ts = 298.2°K 
Ap. AB 
Minimum Maximum ; == 
Number of Tension, Tension, Time, pi De 
Cycles Psi Psi Min Pet Pet Pet 
Samples Fatigued 
70,000 11,800 53,500 35 2.3 0.1 0.45 
290,000 12,000 45,300 145 1.0 0.1 0.22 
330,000 13,200 46,900 165 0.7 0 0.16 
Samples Subjected to Static Tension 
53,500 35 0.2 0 
46,900 165 0.3 0.1 
50,900 85 0.2 0 
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Technical Note 


Crystal Structure of Neodymium Metal 
by F. H. Ellinger 


Jf HE crystal structure of neodymium has been re- 
ported by Quill’ and by Klemm and Bommer® * 
to be hexagonal-close-packed, Strukturbericht-type 
A3, with a, = 3.650A, c, = 5.890A, c/a = 1.614. 
Klemm and Bommer,’ however, pointed out that the 
observed intensities of the lines of the neodymium 
powder pattern agreed only in part with the intensi- 
ties calculated for the type A3 structure, and that 
the neodymium powder pattern showed extra lines 
which could not be traced to impurities. They found 
that these extra lines could be accounted for by 
doubling the c-axis, but apparently they did not 
consider their evidence to be sufficiently conclusive 
to justify reporting the doubled c-axis. In the pres- 
ent work, the structure of neodymium was found to 
be double hexagonal-close-packed. 

The neodymium metal used in the present investi- 
gation was obtained through the courtesy of F. H. 
Spedding of the Ames Laboratory. Its major im- 
purity was stated to be 0.03 pct Ca. The author’s 
spectrographic analysis indicated high purity and 
carbon was determined to be less than 30 ppm. 
X-ray powder specimens were prepared from filings 
stress relieved in vacuum at 200°C for 50 hr. Powder 
photographs were taken in an 114.6 mm diam cam- 
era (Straumanis film mounting) at room tempera- 
ture and in a 19 cm diam Unicam high temperature 
camera at elevated temperatures. Copper x-radia- 
tion was used for all the photographs. 

The powder pattern of neodymium was found to 
index to a hexagonal unit cell with dimensions, as 
determined from’ the high angle Ka doublets, of: 
a, = 3.655+0.001A; c, = 11.796+0.004A; and c/a = 
3.227 at room temperature. The measured density 
of neodymium shows that this cell contains 4 atoms, 
the calculated density is accordingly D, = 7.02 g per 
cu cm. The diffraction data for the first 15 lines of 
the powder pattern are listed in Table I. In a double 
hexagonal-close-packed unit cell, the 4 atoms would 
be in the positions (0,0,0), (0,0,4%), (1/38, 2/3, %4), 
and (2/3, 1/3, %4) of space group P 6;,/mmc. On 
the basis of these positions, the relative intensities 
of the reflections were calculated using the expres- 
sion: 

1 + cos’ 20 


sin’ @ cos 0 
where F is the structure factor and p is the multi- 


la |F |? p 


F. H. ELLINGER, Member AIME, is associated with Los Alamos 
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Table |. X-Ray Diffraction Data for Neodymium Metal, 
Radiation: Cu Ka 


Observed 


Calculated 
HKL d,A Intensity* Intensity 
10.0 3.136 Ww 48 
10.1 3.032 m 262 
00.4 2.921 m 214 
10.2 2.767 s 614 
10.3 2.452 mw 148 
10.4 2.141 vw 37 
10.5 1.883 Ww 65 
11.0 1.820 mw 86 
10.6 1.664 m 130 
20.0 nil nil 
20.1 1.563 vw 36 
11.4 1.549 ms 185 
20.2 1,525 mw 97 
1.483 w 29 
00. 25 
203 1.469 w+ 29 


*s$ is strong; m, medium; w, weak; and v, very. 


plicity factor. Since absorption was not taken into 
consideration, comparison of observed and calculated 
intensities should be made only for neighboring 
reflections. 

Each atom has 12 neighbors, 6 in the basal plane 
at a distance of 3.655A and 3 above and 3 below at 
the closer distance of 3.626A. These distances corre- 
spond to an average radius of the neodymium atom 
of 1.820A. 

The description of this structure in terms of A, B, 
and C close-packed layers of atoms is ABACABAC: 
tees . The structure repeats every fourth layer and 
the stacking sequence of the second, third, and 
fourth layers corresponds to cubic-close-packing of 
atoms. 

A series of powder photographs taken at suc- 
cessively increasing temperatures up to 680+10°C 
revealed that the double hexagonal-close-packed 
structure is stable up to this temperature. 
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Technical Note 


Temper Brittleness of Some Fe-Ni-Cr Alloys 
by L. D. Jaffe 


N 1945-1946, the author measured temper brittle- 

ness in ingots of varying composition prepared by 
remelting SAE 3135 bar stock under vacuum. Since 
other investigators** have been referring to this 
hitherto unpublished work, belated publication seems 
worthwhile. 

Steel in 7 lb batches* was induction melted with 
nickel additions in a magnesia crucible under a 
pressure of 10 microns of Hg or less and cast into a 2 
in. diam chill mold. The compositions of ingots A, B, 
and C prepared in this way are shown in Table I; 
the vacuum melting lowered carbon, manganese, 
sulphur, and nitrogen content. Ingot B was homo- 
genized 24 hr at 1095°C; ingots A and C were not 
homogenized. Blanks, % in. square, were cut from 
each ingot, austenitized 1 hr at 870°C, water 
quenched, tempered 1 hr at 595°C, and water 
quenched. Half the blanks from each ingot were 
given an embrittling treatment of 50 hr at 455°C 
and water quenched. A few specimens, embrittled 
and unembrittled, were finally heated 1 hr at 580°C 
and water quenched. 

Charpy specimens machined from the blanks were 
V-notched on the side closest to ingot mid-radius 
and paired as to radial position in the ingot, one of 
each pair having received the embrittling treatment 
and the other not. Specimens were broken in a 
standard impact machine at various temperatures, 
the same temperature, in general, being used for both 
bars of a pair. Fig. 1 shows the results. It is evident 
that temper brittleness, as measured by the increase 
in temperature of transition from brittle to tough 
failure introduced by the 455°C treatment, was de- 
creased but not eliminated by reducing carbon to 
0.006 pet, manganese to < 0.004 pct, and nitrogen to 
0.001 pet. In another study,’ temper brittleness was 
apparently eliminated by reducing carbon to 0.003 
pet, with 0.80 pct Mn and 0.0015 pct N (ingot D).* 


* Analyses given for carbon below 0.02 pct were made by Jensen 
method; for nitrogen, by Kjehldahl method. Values quoted else- 
where!-3,5 for carbon content of ingot C and for nitrogen content 
of ingot D were obtained by conventional combustion and by vac- 
uum fusion methods, respectively, and are considered muck less 
accurate. 


The 580°C final treatment removed previous em- 
brittlement (ingot B particularly), indicating that 
this was “‘reversible embrittlement.’ 


Metallographic examination of ingot:C with 1 pct. 


nital etch revealed only ferrite; ingot A had carbide 
spheroids uniformly distributed in a ferrite matrix. 
With ethereal picric acid plus zephiran chloride 
etchant,’ no differences between embrittled and un- 
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Fig. 1—Experimental data. Circle is impact energy, unembrittled; 
square, impact energy, embrittled; >, percent fibrous fracture, 
unembrittled; -+, percent fibrous fracture, embrittled; and arrow 
designates specimens reheated to 580°C and water quenched. 


embrittled specimens of ingots A, B, or C were 
noted. Fracture of C and D below the transition 
temperature was predominantly transcrystalline, 
with traces of intercrystalline, in both embrittled 
and unembrittled conditions. The corresponding 
fracture of unembrittled B was mixed transcrystal- 
line and intercrystalline; of embrittled B, predomi- 
nantly intercrystalline with some transcrystalline 
areas. 
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Table I. Compositions, Pct; Balance Nominally Fe 


Heat Cc Mn Si s P Cr Ni Mo Vv Al Mg Sb B N oO H 
3135 0.35 0.87 0.22 0.022 0.029 0.50 1.16 0.005 0.003 0.020 - — 0.0005 0.005 — = 
melting 
stock 
AX 0.11 0.004 <0.31 0.006 0.028 0.40 5.85 —_— 0.003 0.057 <0.001 <0.01 0.001 0.002 — ae 
B 0.04 0.004 <0.32 0.005 0.033 0.40 5.24 —- _— 0.021 <0.001 <0.01 0.0027 0.001 — ces 
Cc 0.006 0.004 <0.35 0.004 0.034 0.27 4.92 — — 0.009 <0.001 <0.01 0.0029 0.0015 — a 
D 0.003 0.80 0.02 0.005 0.002 1.49 102 — —_— — — — 0.0015 0.017 0.00006 
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HE 


Decomposition of Beta Titanium 


by Franz R. Brotzen, Edward L. Harmon, Jr., and 


Alexander R. Troiano 


Precipitation processes leading to drastic property changes are a frequent occurrence in titanium 
alloys containing large amounts of the retained high temperature 8 phase. In order to establish the 
kinetics and nature of these precipitation processes, a series of Ti-V alloys was studied. Time- 
temperature-transformation diagrams were obtained for 12.5 and 15 pct V-Ti alloys. These diagrams 
consisted of two intersecting C-shaped curves: one in the high temperature region for the equilibrium 
transformation 8—>a-+, and another at lower temperatures depicting the formation of the meta- 
stable transition phase, w. Presence of the transition phase retarded the precipitation of the equilib- 
rium a phase. Deformation of retained @ resulted in the formation of the w phase. Reversion and 
retrogression phenomena of the transition phase were observed. A negative temperature coefficient 
of resistance was found in quenched alloys containing from 15 to 20 pct V. 


ERTAIN titanium-base alloys can be heat treated 

to produce appreciable changes in properties. 
For example, remarkably high hardness values may 
be obtained by aging or isothermal quenching treat- 
ments. Most of the information available to date on 
the hardening of titanium-base alloys has been sys- 
tematized recently in an article by L. D. Jaffe.’ It 
was pointed out by that author that the hardening 
was the result of the decomposition of the re- 
tained 8 phase to the equilibrium constituents, a and 
6, and that this decomposition had many of the 
characteristics of an age-hardening reaction. Re- 
cent work by Frost et al.” * has contributed much to 
the fundamental understanding of the hardening 
mechanism in titanium-base systems. These authors 
established the presence of a transition phase in the 
transformation from £8 to a + 8, which they desig- 
nated ». The transition phase, in their opinion, was 
at least partially responsible for the hardening and 
embrittling effects which accompanied low tempera- 
ture aging. 

The present investigation of the mechanism and 
kinetics of the hardening reaction was carried out 
for the Ti-V system. Ti-V alloys were ideally suited 
for a study of the decomposition of 8, since age 
hardening was known to occur readily in this sys- 
tem.‘ Moreover, no intermetallic compounds occur 
in this system, Fig. 1, thus simplifying the inter- 
pretation of the results. 
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Fig. 1—Partial Ti-V diagram, showing also M, as a function 
of yanadium content. 


Material and Procedure 

Alloys containing 12.5 and 15 pct V were pre- 
pared by Battelle Memorial Institute from iodide 
titanium furnished by Watertown Arsenal and va- 
nadium of 99.8 pct purity. Ingots of 8 lb each were 
prepared by are melting in an inert atmosphere 
with a tungsten electrode and water-cooled copper 
crucible. Each of the ingots was melted once, forged 
at 1600°, and rolled at 1400°F.° Following this, the 
ingots were remelted, forged, and then rolled to % 
in. sq bars, which were subsequently grit blasted, 
pickled, and wire brushed. 

Another set of alloys containing nominally 17.5 
and 20 pct V was produced by the Research Div., 
New York University. These alloys were arc melted 
in an inert atmosphere in lots of 20 g each. 

Heat-Treating Procedure: Whenever feasible, 
specimens were heat treated in high vacuum re- 
sistance furnaces at pressures below 5x10° mm of 
Hg. Aging and isothermal quenching treatments 
were generally carried out in salt baths. Specimens 
were not attacked by the salt, provided the tempera- 
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Table |. X-Ray Diffraction Lines Observed in a Titanium Specimen 
Containing 15 Pct V* 


Reflection Interplanar 
Angle, 26 Distance, A Identification 

32.4 2.74 

39.2 2.28 w 

39.7 2.26 B (110) 
56.48 1.626 3) 

57.22 1.607 B (200) 
66.18 1.398 w 

70.68 

71.65 1.305 B (211) 
79.55 1.202 o 

83.80 1.151 w 

85.05 1.132 B (220) 
96.55 1.033 B (310) 
105.40 0.967 o 
109.50 0.942 B (222) 
114.45 0.915 o 
119.05 0.894 (3) 
123.90 0.871 w 
126.45 (?) 0.860 B (321) 
129.30 0.850 w 
149.90 0.799 w 


* Radiation was CuKa; filter, nickel; camera, Debye 57.3 mm ra- 
dius. Heat treatment consisted of 20 min at 975°C, brine quench; 
aged 30 min at 444°C, water quench. 


ture did not exceed about 575°C. Lead baths were 
employed for isothermal quenching of metallo- 
graphic specimens. 

Metallography and Hardness Measurements: Spec- 
imens used for hardness measurements and metal- 
lographic purposes were 4%4x¥%4x1/32 in. in size. The 
thin section made it possible to quench the speci- 
mens at a very high cooling rate. 

Metallographic specimens were polished electro- 
lytically. The etching reagent employed contained 
1 part HF, 1 part HNO,, and 4 parts glycerine. 

Dilatometric Studies: The kinetics of the 8 decom- 
position at temperatures up to 600°C were investi- 
gated with a quenching dilatometer similar in de- 
sign to that described by Flinn, Cook, and Fellows.’ 
Dilatometric specimens measured 142x%4x1/32 in. 
Dimensional changes were detected by a differential 
transformer coupled to a high speed recorder. 
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Fig. 2—Scaled intensity of an X-ray diffraction line of the transi- 
tion lattice produced by deformation. 
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Electrical Resistance Measurements: Specimens 
used for electrical resistance measurements were 
14%x1/32x1/32 in. in size. The quenched specimens 
were suspended in a manner that allowed aging in 
a salt bath or cooling to testing temperatures with- 
out disconnecting the leads. The voltage drop across 
a constantan standard resistance, which corres- 
ponded to the current through the specimen, and the 
voltage drop across the specimen were measured 
with the same potentiometer. The temperature was 
determined with copper constantan thermocouples at 
each end of the specimen. The thermocouple wires 
also served as potential leads in the measuring cir- 
cuit. This yielded reproducible results of relative 
resistance within about 0.05 pct, but did not lend 
itself to absolute resistivity measurements. From 
the data collected by this method, variations in re- 
sistance and temperature coefficient of resistance 
were determined. 

X-Ray Diffraction: X-ray diffraction studies em- 
ployed small slivers of polycrystalline material in 
all cases. The heat-treated specimens, approxi- 
mately 0.010 in. in diameter, were polished electro- 
lytically in a solution designed to prevent hydrogen 
absorption.* 


* The electrolyte contained 6 g AICls, 28 g ZnClez, 90 ce methyl 
alcohol, and 10 ce glycerine. This is a modification of a solution 
used by Frost et al.3 


Results and Discussion 


Nature of $B Decomposition: X-ray diffraction 
studies provided evidence for the existence of a 
transition phase, #, which could not be detected by 
optical metallography. Debye diffraction lines of an 
aged 15 pct V-Ti alloy containing the transition 
phase were found at the angles listed in Table I. 
With exception of one line,* all were in good agree- 


* The angular position of this line at 6 =15°, as listed in ref. 3, 
may well be a typographical error. The stated interplanar distance 
does not fit the given reflection angle. 


ment with those reported for other alloys.* This in- 
dicates that the transition phase in Ti-V alloys is 
structurally identical with that in other 6-stabilized 
systems. 

The as-quenched structure is particularly sensi- 
tive to vanadium content in the range from 12 to 15 
pet. For example, when a 15 pct V-Ti alloy was 
rapidly quenched from 975°C, i.e., above the trans- 
formation temperature, it contained small amounts 
of » along with retained 6.t The 12.5 pct V alloy, 


+ Ms for a 15 pet V-Ti alloy is below room temperature.® 


when quenched, consisted of retained 6, supersatu- 
rated a, and quantities of slightly greater than 
those observed in the 15 pct V alloy. 

Low temperature aging of the quenched alloys 
promoted further precipitation of ». As this trans- 


600 T 
550 
455°C 
—x x x 
353°C 
100°C 
& 350 
WwW SOLUTION TREATMENT. 20 MIN. AT 975°C 
| BRINE QUENCH 
SOOO 
02 2 5 10 50 100 


AGING TIME <> MINUTES 


Fig. 3—Hardness curves for a titanium alloy containing 12.5 pct V, 
aged at various temperatures. 
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formation progressed, each of the 6-titanium diffrac- 
tion lines broadened and eventually developed a split. 
The low angle components of the split B lines were 
probably part of the w pattern, since their positions, 
like those of the lines which unequivocally pertained 
to », were virtually unaffected by aging time and 
temperature. Furthermore, the intensities varied 
with aging time in both the low angle components of 
the split and in the o lines in a like manner, Visual 
comparison of the intensities of the w and £8 lines 
indicated that in some cases large amounts of » were 
present, perhaps more than 50 pct. The o lines 
broadened and the split in the 8 lines became less 
pronounced as the aging temperature was lowered. 

Since the alloys were relatively coarse grained, 
the diffraction lines were not continuous but con- 
sisted of distinct spots. For each spot in the high 
angle portion of the 8-titanium split, there was a 
“parallel” spot in the low angle component. This 
was indicative of the existence of a lattice relation- 
ship between the 6 matrix and the transition phase, 
w. Upon prolonged aging, especially at higher tem- 
peratures, the spottiness of the » lines gave way to 
more continuous circles. 

X-ray diffraction data for a 15 pct V alloy indi- 
cated that during the precipitation of » the composi- 
tion of the 8 matrix increased continuously. Neg- 
lecting possible effects of strains upon the lattice, 
the vanadium contents of the 8 matrix at two differ- 
ent aging temperatures were estimated from the 
observed parameters, Table II. The composition of 
the 8 phase remained constant after it had reached 
a certain value; this value increased with lower 
aging temperatures. 

Precipitation of a titanium and simultaneous dis- 
appearance of » were noticed after prolonged aging. 
In the 15 pct V alloy, for example, this reaction was 
first observed by X-ray diffraction after 75 min at 
444°C. As the a-titanium lines became more in- 
tense, the » lines, including the low angle portion of 
the split, became fainter and eventually vanished. 
Thereafter, the patterns contained only a-titanium 
lines and the high angle §-titanium lines of the 
former split. 

Omega was obtained not only by aging but also 
by deformation of metastable 8. When a quenched 
15 pet V alloy was severely deformed by compres- 
sion, the diffraction lines, initially very faint, ap- 
peared strong and diffuse. Fig. 2 demonstrates the 
effect of deformation on the generation of . Strain- 
induced formation of the transition phase may be 
indicative of a shear-type process, akin to the forma- 
tion of martensitic a, or of a process in which nu- 
cleation is greatly enhanced by strain. The develop- 
ment of brittle » during room temperature deforma- 
tion may have deleterious effects on the ductility and 
formability of 6-titanium alloys. 

Kinetics of 8 Decomposition: The decomposition 
of metastable £ titanium can be represented by the 
reaction sequence 


At high reaction temperatures, the first and second 
steps are bypassed. At low temperatures, on the 
other hand, the reaction is so slow that the last two 
steps are not operative within practical time limits. 
In an intermediate temperature range, all stages in 
the 8 decomposition can be observed. For alloys 
containing 12.5 and 15 pct V, this intermediate range 
extends approximately from 360° to 500°C. 

At low aging temperatures, the hardness increase 
closely parallels the formation of the transition 


TRANSACTIONS AIME 


Table II. X-Ray Diffraction Lines of 8 Titanium Evaluated in 
Terms of Apparent Vanadium Content* 


Aging Time in Min Apparent Vanadium Content, Pct 


Aged at 444°C 


0.25 15 
10 
30 25 
70 27 

Aged at 353°C 
10 38 
20 36 


* Alloy, 15 pet V-Ti. Heat treatment consisted of 20 min at 975°C, 
brine quench. 


structure, ». There was a tendency for the alloys to 
reach higher hardness values at lower aging tem- 
peratures, although peak hardnesses were attained 
more rapidly at the higher temperatures, Figs. 3 to 
6. This was in agreement with observations made in 
the Ti-Al-Cr system.’ 

The precipitation of » was associated with a de- 
crease in volume which, on occasion, was as large 
as 10° cu in. per cu in. This phenomenon allowed 
the dilatometric observation of the isothermal de- 
composition of retained 8 to w. A discrepancy be- 
tween heating and cooling curves for thermal ex- 
pansion had been observed earlier in certain tita- 
nium-base alloys.** This unusual behavior, which 
was also observed in a 15 pct V alloy, was undoubt- 
edly caused by the formation of , since it occurred 
only in the temperature region where » was known 
to form. The curves of Fig. 7 clearly indicate a cor- 
relation between hardening and contraction. The 
general aspect of the dilatometric curves was the 
same for isothermal quenching as for aging, except 
for the significant observation that isothermal 
quenching to temperatures near 400°C revealed 
clearly the presence of an incubation period, Fig. 8. 
This was the case for both the 12.5 and 15 pct V 
alloys. Hardness curves for a 20 pct V alloy, Fig. 6, 
showed an incubation period also upon aging. As 
mentioned earlier, in the 12.5 and 15 pct V alloys 
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Fig. 4—Hardness curves for a titanium alloy containing 15 pct V, 
aged at various temperatures. 
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Fig. 5—Hardness curves for a titanium alloy containing 17.5 pct V, 
aged at various temperatures. 
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Fig. 6—Hardness curves for a titanium alloy containing 20 pct V, 
aged at various temperatures. 
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Fig. 7—Dilatometric and hardness values as a function of time 
for a titanium alloy containing 15 pct V, aged at 353°C. 
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Fig. 8—Dilatometric values as a function of time for a tita- 
nium alloy containing 15 pct V, isothermally quenched to 
396°C. 


the transition phase was present even after very 
rapid quenching, thus indicating that the minimum 
incubation time for the formation of w was ex- 
tremely short. 

Electrical resistance measurements added mate- 
rially to the analysis of the decomposition of metas- 
table 6. A negative temperature coefficient of re- 
sistance observed in f-titanium alloys containing 
approximately 15 to 20 pct V was particularly help- 
ful in following the transformations. This unusual 
phenomenon, Fig. 9, may be associated with an en- 
ergy overlap across the {200} of the second Brillouin 
zone for body-centered-cubic structures at an elec- 
tron:atom ratio of 4.1899.* The effect of aging of 


* Assuming the electron contributions to be those of free atoms, 
the foregoing electron:atom ratio would correspond to that of tita- 
nium alloy containing 20.2 pct V by weight. 


quenched Ti-V alloys: upon the electrical resistance 
at various temperatures is demonstrated in Figs. 10 
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Fig. 9—Relative electrical resistance of quenched Ti-V alloys. 


and 11. The coefficient of resistance, initially nega- 
tive, became more negative during the early stages 
of the aging process and, after reaching a minimum, 
increased rapidly, Fig. 12. This behavior was typi- 
cal for the alloys containing 15 to 20 pet V and may 
be indicative of the existence of a critical composi- 
tion of 8, probably above 20 pct V, at which the co- 
efficient is a minimum. This is in line with the 
Brillouin zone effect mentioned earlier and implies 
a continuous change in the composition of the 6 
matrix during aging, which was corroborated by 
X-ray parameter measurements. Fig. 12 reveals 
also that the hardness changes during aging pre- 
ceded the increase in temperature coefficient. Alloys 
containing 15 and 17.5 pct V behaved in the same 
manner. 

Precipitation of a accompanied by rapid disap- 
pearance of w took place within reasonable times at 
sufficiently high aging temperatures. The appear- 
ance of a signified the beginning of overaging con- 
current with a typical reduction of hardness, Fig. 13. 
Since a slight increase in volume was associated with 
the formation of a, dilatometric measurements again 
were useful in determining the kinetics of the re- 
action. A typical time-dilation curve for a quenched 
and aged alloy is given in Fig. 13. The only apparent 
difference between the dilation curves for aging and 
those for isothermal quenching was that the latter 
exhibited an incubation period prior to » precipita- 
tion, Fig. 14. The formation of a was preceded by an 
incubation period upon aging, Fig. 13, and upon iso- 
thermal quenching, Fig. 14. 

Above the highest temperatures at: which » was 
found, equilibrium a formed directly from 8. Again, 
the precipitation of a was accompanied by an ex- 


- pansion. After a short time at temperatures between 


550° and 700°C, grain-boundary a was apparent in 
both the 12.5 and 15 pct V alloys. This initial grain- 
boundary precipitation was followed immediately by 
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Fig. 10—Relative electrical resistance of an aged titanium 
alloy containing 12.5 pct V, as a function of testing tempera- 
ture, for various aging times. 


general precipitation, resulting in a fine dispersion of 
win the 6 matrix. Below approximately 550°C, pre- 
cipitation appeared to start in a uniform manner 
throughout the grain. 

The time-temperature-transformation (TTT) di- 
agrams, Figs. 15 and 16, for the decomposition of 8 
to a and w consist of C-shaped curves. The effect of 
increasing vanadium content was to shift the C- 
curves to longer times and lower temperatures. The 
maximum temperature at which » formed was 
higher in the 12.5 than in the 15 pct V alloy. A 
continuous depression of this maximum temperature 
would imply a concentration beyond which there is 
no appreciable formation of ». This was borne out 
by earlier investigations of the Ti-V,* Ti-Mn,* and 
Ti-Fe” systems. 

The decomposition of $8 retained in quenched 
specimens could be followed upon aging in much the 
same fashion as upon isothermal quenching. Quench- 
ing and aging displaced the TTT curve, Fig. 17, for 
the formation of a in the 15 pct V alloy to longer 
times than those for the same alloy isothermally 
quenched. It should be noted that isothermal 
quenching of a 15 pct V alloy to temperatures above 
430°C did not produce w, while brine quenching and 
reheating to this range caused the formation of con- 
siderable amounts of the transition phase. This in- 
dicates that the presence of » was responsible for the 
retardation in the aged specimens. 

Isothermal step quenching may cause partial or 
complete suppression of martensitic «." Step quench- 
ing of a 12.5 pct V alloy to 353°C and holding for 15 
min prior to brine quenching produced a hardened 
matrix without any visible a precipitate. After di- 
rect brine quenching, however, the same alloy con- 

‘tained large amounts of martensitic a. The sup- 
pression of the martensitic transformation by low 
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Fig. 11—Relative electrical resistance of an aged titanium 
alloy containing 20 pct V, as a function of testing tempera- 
ture, for various aging times. 
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Fig. 12—Electrical properties and hardness of a quenched titanium 
alloy containing 20 pct V, aged at 353°C. 


temperature step quenching may be attributed to 
the increase in vanadium content in the 8 matrix, 
concurrent with the formation of o. 

Reversion and Retrogression of w: The » transition 
phase, formed upon aging or isothermal quenching, 
reverted to 8 when heated briefly to temperatures 
above the w range, i.e., above about 500°C. This was 
readily observed in a Debye pattern of an iso- 
thermally quenched (403°C for 1 min) 15 pct V 
alloy. The heavy o lines in the Debye pattern almost 
vanished upon subsequent heating to 575°C for 3 
sec. The broad diffraction lines for the 6 matrix 
became sharp as a result of the high temperature 
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treatment. The hardness, as expected, was lowered 
from 557 to 455 VPH by this reversion treatment. 
The reversion of # was also observed by changes in 
the temperature coefficient of electrical resistance, 
Fig. 18. 

These results demonstrate that , instead of trans- 
forming to a titanium, reverted to the original 
metastable 8 at temperatures well below the 
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Fig. 13—Dilatometric and hardness values as a function of time for 
a titanium alloy containing 15 pct V, aged at 444°C. 
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Fig. 14—Dilatometric values as a function of time for a tita- 
nium alloy containing 15 pct V, isothermally quenched to 
415°C. 
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Fig. 15—Time-temperature-transformation diagram for iso- 
thermal quenching of a titanium alloy containing 12.5 pct V. 
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B/a+B equilibrium boundary.* 


*The equilibrium transformation temperature for this alloy is 
approximately 700°C. 

Retrogression effects, characteristic of many age- 
hardening systems, were also observed in Ti-V al- 
loys. When a 15 pct V alloy, hardened by aging for 
12 min at 353°C, was up-quenched to a temperature 
within the » formation range (455°C), no appreci- 
able change in hardness or electrical resistance was 
noted, Fig. 19. The temperature coefficient of, re- 
sistance, on the other hand, decreased rapidly after 
up-quenching. This indicated an adjustment towards 
a lower vanadium content of the 6 matrix, in agree- 
ment with the X-ray results in Table II. 


Summary and Conclusions 
Ti-V alloys are highly responsive to precipitation 
hardening. The hardening is most pronounced at 
low reaction temperatures where it is accompanied 
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Fig. 16—Time-temperature-transformation diagram for iso- 
thermal quenching of a titanium alloy containing 15 pct Y. 
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Fig. 17—Time-temperature-transformation diagram for aging 
of a quenched titanium alloy containing 15 pct V. 
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Fig. 18—Temperature coefficient of electrical resistance of a 
quenched titanium alloy containing 15 pct V, aged at 353°C, 
and up-quenched to 565°C. 


by a decrease in volume. At these temperatures, a 
metastable phase, w, forms as an intermediate stage 
in the decomposition of retained 8. During the pre- 
cipitation of » the 8 matrix experiences a continuous 
parameter change, indicating composition adjust- 
ments. Severe compressive deformation of retained 
8 at room temperature also induces the formation of 
the transition phase. Omega, which may be present 
in very large quantities in Ti-V alloys, is identical 
in structure with transition phases observed in sev- 
eral other £-stabilized titanium systems. The view- 
point that » is a coherent transitional phase formed 
prior to the precipitation of equilibrium a is favored. 

The isothermal formation of » is preceded by an 
incubation period which becomes shorter at lower 
reaction temperatures. Increasing vanadium content 
retards the formation of » and depresses the maxi- 
mum temperature at which it can form. 

The eventual formation of equilibrium a is ac- 
companied by a gradual disappearance of the w 
phase. This transformation occurs more rapidly at 
higher temperatures. Above the maximum tempera- 
ture of » formation, equilibrium a forms directly 
from retained Time-temperature-transformation 
diagrams illustrating the transformation kinetics of 
both a and are presented for 12.5 and 15 pct V 
alloys. 

The formation of » at low temperatures during 
quenching and reheating inhibits subsequent a pre- 
cipitation. This results in incubation periods, prior 
to a precipitation, which are longer for quenching 
and aging than for direct isothermal quenching. 

The transition phase, #, exhibits a retrogression 
effect when the temperature is raised during aging. 
At low temperatures, this effect is slight and is de- 
tectable only through changes in the temperature 
coefficient of electrical resistance. The examination 
of these changes is facilitated by the fact that 8 
titanium containing 15 to 20 pct V has a negative 
temperature coefficient of resistance. At higher sub- 
critical aging temperatures, X-ray data reveal the 
reversion of the transition phase into # titanium of 
original composition. These effects substantiate the 
transitional character of the » phase. 
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Fig. 19—Electrical properties and hardness of a quenched titanium 


alloy containing 15 pct V, aged at 353°C, and up-quenched to 
455°C. 


Discussion of this paper, if any, will appear in 
JOURNAL OF METALS, November 1955, and in AIME 
Metals Branch Transactions, Vol. 203, 1955. 
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Technical Note 


Sigma Phase in the Molybdenum-Ruthenium System 
by D. S. Bloom 


ke a report has been published on an 
investigation of the Mo-Ru system by E. Raub.’ 
In this report it is stated that below approximately 
1200°C the system consists of two terminal solid- 
solution phases and the intervening two-phase field; 
at 1200°C and above, an intermetallic compound 
labeled Mo;Ru, makes an appearance. 

Along with some other little known systems in 
which it was considered possible for a o phase to 
form, the Mo-Ru system had been under investiga- 
tion in this laboratory. Since molybdenum and ruthe- 
nium have very high melting points and also since 
ruthenium is expensive, the investigation was con- 
fined to X-ray diffraction by sintered powder com- 
pacts. The compositions which were studied were 
(in atomic percentages): 75 Mo-25 Ru, 67 Mo-33 Ru, 
50 Mo-50 Ru, and 25 Mo-75 Ru. All compacts were 
made from the pure powders, and no chemical anal- 
yses were attempted. Each compact weighed about 
5 g. All annealing was done in evacuated Vycor 
capsules, and even though the capsules completely 
collapsed at 1250°C, they still admitted no air. 

The results of this investigation in general cor- 
roborate the work of Raub. Up to 1150°C the two 
terminal solutions and the intervening two-phase 
field were found, and at 1200°C and above an inter- 
metallic compound was found. However, the com- 
position limits of the compound were estimated to 
lie close to 70 atomic pet Mo rather than 62.5 atomic 
pet Mo as Raub had reported. At least the X-ray 
diffraction results indicated that the 75 atomic pct 
Mo specimen consisted of the molybdenum solid 
solution plus the compound, while the 67 atomic pct 
Mo specimen consisted of the ruthenium solid solu- 
tion plus the compound and the equiatomic composi- 
tion contained only very little of the compound. 

The most interesting observation, however, was 
that the diffraction pattern of the compound was 
similar to that of the well known o phases, except 
that unusually large lattice constants were indicated. 
The d-values, or interplanar spacings, of the diffrac- 
tion lines (as produced by filtered copper Ka radia- 
tion) of the compound are given in Table I, as deter- 
mined from specimens annealed at 1250°C for 9 hr 
and then quenched in water. Also shown are the 
lines of the Mn-Mo o phase as given by Decker, 
Waterstrat, and Kasper,’ the lines of the Fe-Mo o 
as given by Goldschmidt,’ and the lines of the Mo-Ru 
phase multiplied by constants in order to make com- 
parison with the Mn-Mo and Fe-Mo patterns easier. 
These results indicate that the compound in the Mo- 
Ru system is apparently isomorphous with the other 
compounds. 

The rather large lattice constants of the Mo-Ru a 
phase are acceptable in view of the comparatively 
large size of the constituent atoms. 

The data in Table I for the Mo-Ru compound check 
quite well with those given by Raub, not shown here, 
though there are some discrepancies between the 
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Table |. Comparison of Diffraction Patterns of Mn-Mo, Mo-Ru, 
Fe-Mo o Phases 


Mn-Moo Mo-Ru o Mo-Ruo Mo-Ru o Fe-Moo 
x 0.9551 x 0.9479 
2.463 m 2.455 2.570 w 2.44 2.46 Ww 
2.368 m 2.353 2.464 m 2.34 2.35 mw 
2.205 Ss 2.209 2.313 s 2.19 2.21 Ss 
2.144 ms 2.148 2.249 ms 2.13 2713 m 
2.097 ms 2.094 2.192 Ss 2.08 2.08 m 
2.045 s 2.038 2.134 Ss 2.02 2.04 ms 
2.000 VS 1.998 2.092 vs 1.98 1.99 s 
1.952 s 1.955 2.047 ms 1.94 1.93 m 
1.907 mw 1.902 1.991 mw 1.89 1.90 Ww 
1.829 mw 1.822 1.908 mw 1.81 1.82 Ww 
— — 1.791 1.875 w 1.78 _ — 
1.444 mw 1.440 1.508 w 1.43 1.44 vw 
1.426 mw 1.424 1.491 Ww 1.41 1.43 _— 
= = 1.418 1.484 w 1.41 —_— — 
1.385 vw 1.411 1.477 w 1.40 _ — 
1.377 ms 1.377 1.442 Ww 1.37 1.37 m 
1.362 vow — — 
1.304 Ss 1.303 1.365 m 1.29 1.30 ms 
1.286 vs 1.289 1.350 m 1.88 —_— _ 
1.279 m 1.280 1.340 m 1.27 1.28 Ss 
1.272 ms — — 
1.267 m 1.267 1.326 m 1.26 _ — 
1.253 s 1.253 1.312 ms 1.24 — — 
1.244 m 1.245 1.304 mw 1.236 1.246 mw 
1.232 mw — — — 
1,221 mw 1.220 m 
W201 ms 1.211 1.268 ms 1.202 1.205 w 
1.195 vow — — 
1.187 s 1.179 1.234 ms 1.170 ae a m 
Deroy ms 1.125 1.170 m 
1.158 ms 1.098 1.100 m 
L273 m 1.069 1.068 
1.0893 ms 1.032 1.035 S 
1.0836 m 1.027 1.029 s 
1.0690 ms 1.013 1.020 Ss 


* Standard abbreviations for weak, w; medium, m™; strong, s; 
and very, v. 


two sets of data in the estimated intensities of a few 
lines. 

Although very little is known at present about 
this o phase, there are some things which may be 
pointed out, mainly in comparison with other better 
known o phases. Even though molybdenum and 
ruthenium are in the same columns in the Table of 
Elements as chromium and iron, respectively, the 
Mo-Ru o phase contains much more molybdenum 
than ruthenium, while the Cr-Fe o phase centers 
around or very nearly around the equiatomic compo- 
sition; furthermore, the Mo-Ru a is stable only above 
approximately 1200°C, but the Cr-Fe co is stable only 
below about 825°C. With respect to its being un- 
stable below 1200°C, the Mo-Ru co is similar to the 
other binary molybdenum o phases in the Co-Mo 
and Fe-Mo systems. Similar to the latter two sys- 
tems, the Mo-Ru o apparently exists over a rather 
narrow composition range, whereas the Cr-Fe o at 
lower temperatures is stable over a much wider 
composition range. The Mo-Ru o thus is closer to 
the other molybdenum o phases than to the Cr-Fe 
o phase. The most striking feature of the Mo-Ru o 
phase, however, is the absence of any of the transi- 
tion elements of the First Long Period. 


1 Ernst Raub: Die hegierungen der Platinmetalle mit Molybdan. 
Ztsch. fiir Metallkunde. (1954) 45, No. 1, p. 23. 
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Sigma Phase in the Mn-Mo System. Trans. AIME (1953) 19%, p. 
1476; Journat or Metrats (November 1953). 

8H. J. Goldschmidt: A Molybdenum Sigma Phase. Research. 
(1949) 2, p. 348. 
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A Calorimetric Investigation of the Energy Relations in 
Alloys of Composition Cu,Au 


by L. R. Rubin, J. S. LI. Leach, and M. B. Bever 


_ The energies of formation of ordered and disordered solid solutions of composi- 
tion CuzAu and the energy of ordering in this alloy were determined by tin solution 
_ calorimetry. The degree of order was measured by X-ray diffraction and electrical 
resistance and microhardness measurements were made on ordered and disordered 


specimens. 


MONG the phenomena associated with the order- 

disorder transformation of a solid solution, the 
change in internal energy is of special interest be- 
cause of the part it plays in the various theories of 
ordering. Published values for the decrease in in- 
ternal energy accompanying the formation of a 
superlattice from a disordered solid solution of com- 
position Cu,Au range from —370 to —2260 cal per 
gram-atom. Some of these values represent calcu- 
lations based on theory and others are the results of 
experimental measurements. The distinction be- 
tween the change in internal energy, AE, and the 
change in enthalpy, AH, can here be neglected, be- 
cause they are approximately equal for solid-state 
reactions at normal pressure. 

An analysis of ordering by Bragg and Williams’ 
predicts an energy change of —605 cal per gram- 
atom for the formation of a superlattice in the alloy 
Cu,Au from a completely random solution. Peierls” 
application to Cu,Au of Bethe’s’ nearest-neighbor 
theory yields —560 cal per gram-atom for the for- 
mation of a superlattice from a matrix which in- 
itially contains short-range order. Cowley* extended 
the nearest-neighbor approach to include as many 
as five shells of neighbors; on this basis a change in 
energy of —500 cal per gram-atom is expected. 
Eguchi,’ using a quantum-mechanical treatment, 
calculated a value of —2260 cal per gram-atom for 
the difference in the energy of completely disor- 
dered and completely ordered Cu,;Au. 

Sykes and Jones’ heated a completely ordered 
alloy and measured its heat capacity as a function 
of temperature. This measured heat capacity agrees 
closely with the corresponding value found by the 
Kopp-Neumann (or mixture) rule up to about 
250°C and above this temperature exceeds it, es- 
pecially near the critical temperature for ordering. 
The difference between the integrals with respect 
to temperature of the observed and the Kopp-Neu- 
mann heat capacities was considered to be the en- 
ergy of ordering. By this method Sykes and Jones 
found a value of —530 cal per gram-atom. This 
value is not adjusted for the short-range order re- 
maining above the critical temperature. The pres- 
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ence of such short-range order is suggested by the 
difference between the measured heat capacity and 
the extrapolated Kopp-Neumann heat capacity im- 
mediately above the critical temperature. 

Values reported by Weibke and von Quadt’ and 
by Hirabayashi, Nagasaki, and Maniwa*® were ob- 
tained in the course of investigations primarily 
aimed at other objectives. Weibke and von Quadt 
measured the temperature coefficient of the electro- 
motive force of a Cu-Cu;Au cell. They obtained a 
value of —1010 cal per gram-atom for the heat of 
formation of the alloy at 500°C, at which temper- 
ature there is no long-range order. They also ob- 
tained —1380 cal per gram-atom as the heat of 
formation of the ordered alloy at 370°C. Consider- 
ing the heat of formation of the disordered alloy to 
be independent of temperature, they estimated the 
energy of ordering at 370°C as —370 cal per gram- 
atom. At this temperature long-range order is in- 
complete and the degree of order changes rapidly 
with temperature. Hirabayashi, Nagasaki, and Man- 
iwa, using an annealing calorimeter, investigated 
an alloy containing 23.4 rather than 25.0 atomic pct 
Au and thus could not obtain complete order. Their 
value of the energy of ordering was —490 cal per 
gram-atom. 

Oriani’ has recently investigated the Au-Cu sys- 
tem by the galvanic emf technique. He reports 
values for the heats of formation of Cu-Au alloys, 
from which the heat of formation at 427°C of an 
alloy of composition Cu;Au may be found by inter- 
polation. This value is —1080 cal per gram-atom. 

In the work here reported, disordered and ordered 
alloys of composition Cu,Au and corresponding mix- 
tures of gold and copper were dissolved in liquid tin 
and the heat effects measured. These heat effects 
are small, since the dissolution of gold in tin is exo- 
thermic and the dissolution of copper is endothermic. 
The method, therefore, yields fairly precise values 
of the heats of formation of disordered and ordered 
alloys and of the energy of ordering. 


Experimental Procedure 

The calorimeter consisted of a long-necked Dewar 
flask immersed in a constant temperature salt bath 
and has been described by Ticknor and Bever.” The 
chief changes in this equipment were an improve- 
ment in vacuum and the replacement of the mercury 
thermoregulator by a resistance thermometer con- 
trol circuit. 

The solvent, which was maintained at a constant 
temperature near 350°C, consisted of 500 grams of 
99.99 pet pure tin. The solute samples were mix- 
tures of gold and copper in the proportion corre- 
sponding to the composition Cu,Au or solid solutions 
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of this composition, analyzing 50.90+0.05 wt pct Au. 
The alloys in the form of ¥% in. lengths of thin rib- 
bon were annealed under vacuum for approximately 
12 hr at 480°C and then were water quenched to re- 
tain their disordered condition or cooled to approxi- 
mately 180°C at a rate of about 2°C per hr to form 
a superlattice. The gold in the mechanical mixtures 
contained 0.03 pet Ag and Cu. The copper was pre- 
pared by the method of Smart, Smith, and Phillips” 
and the impurity limits (less than 0.001 pct) stated 
by them are assumed. 

The calorimetric procedure, described previously 
in detail,® will only be summarized. A weighed 
sample which was at 0°C was added to the molten 
tin under vacuum. The resulting change in temper- 
ature of the bath was measured as a function of 
time. Four 5 gram or six 3 gram samples were added 
during arun. To determine the heat capacity of the 
calorimeter, a charge of 99.4+0.1 pct W wire, which 
does not react with tin at the experimental tempera- 
ture, was added at the end of each run. 

The temperature of the calorimeter dropped when 
the alloy or mixture was added because of the heat- 
ing and endothermic dissolution of the sample. As 
the dissolution process neared completion, the tem- 
perature began to rise gradually because of the 
transfer of heat from the constant-temperature salt 
bath to the calorimeter. The total heat absorbed, 
therefore, is attributable to the change of state of 
the sample from its initial condition at 0°C to its 
final state in the tin solution. The difference in the 
heat effects for the addition of two chemically iden- 
tical samples represents the difference of their en- 
ergy contents in their initial states, that is, at 0°C. 
Several additions could be made in a single run be- 
cause the heat of solution is a known function of the 
concentration of the solute in the tin. The basic 
methods of calculation have been described” and 
some minor changes recently made will be published. 

The samples used in these experiments were pre- 
pared in two batches. Specimens suitable for micro- 
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Fig. 1—Heat effects associated with the addition of samples plotted 
against the average of the solute concentrations in solution before 
and after each addition. 
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hardness and electrical resistivity measurements and 
powder samples for X-ray diffraction work were 
heat treated simultaneously with the samples for 
calorimetric measurements. The degree of order in 
each batch was calculated from the intensities of the 
fundamental and superlattice lines obtained from 
the powder samples. The microhardness and elec- 
trical resistivity measurements were used as further 
checks on the degree of order of the samples. 


Experimental Results 

Fig. 1 shows the heat effects measured in five 
calorimetric runs plotted against the average con- 
centration of solute in solution resulting from each 
addition. The measured heat effect is defined so 
that heat transferred from the calorimetric system 
to the sample is negative. The curves for the mix- 
tures, disordered solid solutions, and ordered solid 
solutions have the same slope, which represents the 
rate of change of their differential heat of solution 
in tin. This slope was experimentally found to be 
+60 cal per gram-atom per atomic pct of solute. 
The intercepts of these curves with the ordinate give 
the heat effects at infinite dilution, which have the 
following values: mechanical mixtures, —2788+21 
cal per gram-atom; disordered solid solutions, —3928 
+62 cal per gram-atom; and ordered solid solutions, 
—4480+42 cal per gram-atom. 

The differences in the ordinates of these curves, 
taken at any concentration, give the heats of forma- 
tion of the disordered and ordered solid solutions 
and the energy effect of ordering at 0°C. These val- 
ues and their root mean square errors are: mixture 
to disorder, —1140+66 cal per gram-atom; mixture 
to order, —1692+47 cal per gram-atom; and dis- 
order to order, —552+75 cal per gram-atom. 

By an alternative method for evaluating the heat 
effects, the differences in the ordinates are taken for 
every run and the results are averaged. The abso- 
lute values of the measured heat effects are propor- 
tional to the heat capacity of the calorimeter, which 
is experimentally determined in each run. Errors 
in the heat capacity appear as corresponding per- 
centage errors in the heat effects and result in larger 
percentage errors in the differences between the 
heat effects. The absolute magnitude of the heat 
effects, when averaged as in the first method, yields 
a percentage error in the differences larger than if 
the differences were obtained from each run sepa- 
rately and then averaged. The values obtained by 
this alternative method of calculation are: mixture 
to disorder, —1124+55 cal per gram-atom; mixture 
to order, —1682+30 cal per gram-atom; and dis- 
order to order, —562+59 cal per gram-atom. The 
latter values are considered to deserve preference. 

By the definition of Bragg and Williams, the de- 
gree of order of the ordered specimens, as deter- 
mined by X-ray measurements, was 0.93 for runs 
10 through 12 and 0.94 for runs 14 and 15. No trace 
of superlattice lines was observed for the disordered 
samples of either batch of specimens. 

Knoop hardness measurements, made with a Tukon 
tester and a 300 gram load, on ordered and disordered 
specimens show that the hardness of corresponding 
specimens from the two batches was the same within 
the experimental error. The ordered and disordered 
specimens used in calorimetric runs 10 through 12 
had average Knoop hardness numbers of 82.8 and 
58.1, respectively. The corresponding specimens for 
runs 14 and 15 had average Knoop hardness num- 
bers of 85.3 and 62.0. 

Resistance measurements for the specimens used 
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in runs 14 and 15 yielded specific resistivities of 
4.2x10™ and 11.7x10° ohm-cm for the ordered and 
disordered alloys at room temperature as compared 
with 4.3x10° and 11.4x10° ohm-cm obtained by 
Sykes and Evans.” The specific resistivities obtained 
for the specimens used in runs 10 through 12 were 
larger in absolute value but were in approximately 
the same ratio (2.60) as those of Sykes and Evans 
(2.65). 
Discussion 

The range of theoretical and experimental values 
of the energy associated with the order-disorder 
transformation in Cu,Au, found in the literature, is 
considerable. The values obtained by Weibke and 
von Quadt’ and by Hirabayashi and coworkers’ can 
be expected to be low. The former investigators 
worked at 370°C, where only partial order can exist, 
and the alloy composition used by the latter pre- 
cluded complete ordering. Sykes and Jones® found 
the energy change of ordering from the difference in 
observed and calculated heat capacities. Their value 
is based on the assumption that the heat capacity of 
the disordered solid solution is equal to that of the 
mechanical mixture of the constituent elements; 
their measurements below 250°C lend considerable 
support to this assumption. Sykes and Jones pre- 
pared the ordered alloys by cooling at 30°C per hr 
and also at 1°C per hr; they found that the energy 
effects observed on heating these alloys varied by 
less than 1 pet, which suggests that the rate of cool- 
ing used in the present work (2°C per hr) was en- 
tirely adequate. 

The calorimetric method used in the work re- 
ported here compares the initial conditions of two 
sets of samples at 0°C. It is true that the initial 
state of alloys here called “disordered” involves 
some short-range order, which is that present at the 
temperature from which the alloys were quenched 
(480°C) in addition to any short-range order origi- 
nating during the quench. The presence of such 
short-range order in Cu,Au alloys quenched from 
above their critical temperature is generally recog- 
nized. The energy values measured in this work, 
therefore, involve the change from a disordered solid 
solution containing an unknown but probably small 
amount of short-range order to a solid solution 
which has nearly complete long-range order. The 
energy of this transformation, found to be —562+59 
cal per gram-atom, is in reasonable agreement with 
the values predicted by the theories of Bragg and 
Williams (—605 cal per gram-atom), Peierls (—560 
cal per gram-atom) and Cowley (—500 cal per 
gram-atom). The value of Bragg and Williams also 
includes the energy effect of the formation of short- 
range order from the random solid solution. The 
value reported here is in good agreement with the 
value of —530 cal per gram-atom measured by 
Sykes and Jones. They used a different method of 
measurement but, as already noted, the alloys in 
both investigations can be expected to have a com- 
parable degree of long-range order. 

The heat of formation of the disordered alloy at 
0°C was determined at —1124+55 cal per gram- 
atom which compares with —1010 cal per gram- 
atom found by Weibke and von Quadt at 500°C and 
—1080 found by Oriani at 427°C. The ratio of the 
energy of ordering to the energy of formation of the 
disordered alloy according to Shockley” should have 
the value of 1/3 at the AB, composition. The ratio 
of the values measured in the present investigation 
is approximately 

The increase in hardness values associated with 
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the formation of a superlattice which was found in 
this investigation contradicts the results of Sachs 
and Weerts.“ These investigators found a decrease 
in the critical shear stress of single crystals of Cu,Au 
upon ordering. Also, according to current opinions 
only a negligible change in hardness would be ex- 
pected in the absence of a change in shape of the 
unit cell.” 
Summary and Conclusions 

The change in internal energy of the transforma- 
tion of a disordered into an ordered solid solution of 
composition Cu,Au was found to be —562+59 cal 
per gram-atom; the disordered solid solution con- 
tained some short-range order. The heats of forma- 
tion of the disordered and ordered alloys from the 
elements were measured as —1124+55 and —1682 
+30 cal per gram-atom, respectively. The differ- 
ence between the latter two quantities (—558 cal 
per gram-atom) provides an internal check on the 
directly determined energy change for the order- 
ing of the disordered solution. The measured value 
of the energy of ordering is in reasonable agreement 
with some values predicted from theory and an ex- 
perimental value determined by a different method. 

The degree of long-range order was determined 
by X-ray diffraction. The electrical resistivities of 
the ordered and disordered alloys were measured 
and agreed with published values. The hardness in- 
creased from about 60 to about 84 Knoop numbers; 
this finding is not in agreement with a previous 
investigation. 
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Technical Note 


Metallographic Techniques for Cu-Au Alloys 


by Robert Bakish and William D. Robertson 


N the course of a study of stress corrosion crack- 

ing of AuCu,, it was necessary to develop new 
electropolishing and metallographic etching methods. 
The techniques are generally useful for Cu-Au al- 
loys, including the AuCu composition in which 
transformation markings are well delineated. 

For electropolishing, the only satisfactory elec- 
trolyte and procedure that has been found* has the 
composition given in Table I. The solution must be 
vigorously stirred while polishing and the tempera- 
ture maintained in the range of 55° to 62°C. The 
electrolyte is very unstable and can be used only for 
10 to 15 min after which its color changes and a 
dark-brown precipitate forms. The polishing time 
is between 1 and 4 min depending on the initial sur- 
face preparation. The use of a hood is recommended 
to avoid the danger of cyanide gas which may form 
at one of the electrodes even though the solution is 
alkaline. The optimum current and voltage condi- 
tions for vertical anode and platinum cathode are on 
the plateau shown in Fig. 1, in which voltage is 
measured across the cell terminals. At voltages be- 
low the plateau, etching of grain boundaries occurs 
and under some conditions, which have not been 
clearly defined, octahedral etch figures are observed. 

For general purpose grain-size determination in 
polycrystalline alloys, a 3 pct solution of iodine in 
methyl alcohol is used with excellent results. How- 
ever, when it is necessary to reveal small orienta- 
tion differences or concentration gradients in an al- 
loy, the iodine etch is not satisfactory. For this pur- 
pose, a highly satisfactory etching procedure was 
developed during this investigation. It involves the 
use of the vapor given off by freshly prepared aqua 
regia. The solution employed is 3HCl to 1HNO, 
which decomposes in accordance with the reaction 
HNO, + 3HCl = NOCI + 2H,0 + Cl. 

The polished specimen surface is held about 1 to 
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Table I. Composition of Electrolyte 


Compound Quantity* 
Potassium cyanide 67.5 
Potassium-sodium-tartrate 15.0¢g 
Potassium-ferro- 15.0¢ 
Phosphoric acid, 85 pct 18.5 ml 
Ammonium hydroxide (Sp.G. 0.9) 2.5 ml 


* Based on one liter of solution. 


2 cm above an aqua regia solution for 2 to 10 sec 
depending on the intensity of the contrast required 
and the surface is not subsequently washed. The re- 
sults obtained with a coarse grained cast structure 
are shown in Fig. 2. 

Subgrain boundaries in a single crystal and con- 
centration gradients within the boundaries are de- 
veloped by the same treatment with the results 
shown in Fig. 3. Obviously, any conclusions regard- 
ing structure-dependent properties will be modified 
by the pronounced heterogeneity, which is not 
clearly evident when more conventional methods are 
used. 

Interesting structural details are also revealed by 
treatment for 4 hr at 850°C in unpurified tank argon. 
Fig. 4 shows a pattern characteristic of orientation- 
dependent oxidation. 


1 Metal Finishing (August 1950) 50, p. 84. 


Fig. 2—Specimen atehed with aqua regia 
vapor shows dendrites in a coarse grained 


cast structure. X50. Area reduced ap- 
proximately 15 pct for reproduction. 
duction. 
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Fig. 3—Cell structure of a single crystal 
etched with aqua regia vapor is shown 
after heating 24 hr at 850°C. X200. Area 
reduced approximately 15 pct for repro- 


Fig. 4 at 850°C in Gnpurified 
argon, specimen shows oxidation figures. 
X800. Area reduced approximately 15 pct 
for reproduction. 
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Chemistry of the Ammonia Pressure Process for Leaching Ni, 


Cu, and Co from Sherritt Gordon Sulphide Concentrates 


by F. A. Forward and V. N. Mackiw 


_ The paper relates to the laboratory and pilot plant studies that have been car- 
ried out by Sherritt Gordon Mines Ltd., Metallurgical Research Div., in developing 
the ammonia pressure leach process for extracting copper, nickel, cobalt, and sulphur 
from high grade nickel concentrate produced from Lynn Lake ores, and describes 


in some detail the chemistry of the process. 


1, 2 


T is well known” * that copper, nickel, cobalt, zinc, 

ferrous iron, and a number of other metals com- 
bine with ammonia in aqueous solution to form com- 
plex ions of the form [Me(NH,;)x]". The stability 
and solubility of these ions depend on the concen- 
tration of the metal ion in solution, on the amount 
of NH, present, and on the amount and type of 
anions, present, NOs, Cl It 
ammonia is partially or completely removed from 
such solutions, for example by boiling, the soluble 
ammines tend to decompose and the metals precipi- 
tate as basic salts. 

These properties of metal ammines have found 
practical application in the commercial recovery of 
copper, nickel, and cobalt from a variety of ores. In 
an operation formerly conducted at Kennecott*” the 
mill tailing containing 0.80 pct Cu as copper carbon- 
ate was leached by percolation with an ammonia- 
ammonium carbonate solution to dissolve the copper 
as the ammine. At Calumet and Hecla®” with a mill 
tailing containing about 0.4 pct Cu as metallic cop- 
per, it has been found necessary to aerate the ammo- 
nia-ammonium carbonate leach solutions between 
stages to oxidize the solubilized copper. At Nicaro”” 
where nickel and cobalt occur as oxides and silicates 
which are not soluble in ammonia, the ore is heated 
to decompose silicates and to selectively reduce the 
nickel and cobalt to metal, leaving the iron as Fe,O,, 
and is then leached with ammonia-ammonium car- 
bonate solution accompanied by aeration to dissolve 
nickel and cobalt as ammines. 

In each of these leaching operations, the anion 
present is CO,~ and the metals can be precipitated 
from the leach solution as oxide (copper) or hy- 
droxide and carbonate (nickel and cobalt) by boil- 
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ing off NH; and CO, both of which are recycled to 
treat a subsequent ore charge. The products—oxide, 
hydroxide, or carbonate—can be treated by conven- 
tional smelting, calcining, or electrolytic methods to 
convert them to refined metals. Thus the procedures 
mentioned utilize the properties of the ammines to 
extract copper, nickel, and cobalt from nonsulphide 
ores and separate them from the leach solutions. 

These processes have the advantage that they can 
be carried out in closed vessels at atmospheric pres- 
sure, that the leaching solutions are specific for the 
desired metals, that the metals can be recovered as 
relatively pure compounds by the boiling operation, 
and that the NH; and CO, can be recycled. Also, as 
the leach solutions after boiling and filtration are 
substantially free of metals, NH;, and CO., they can 
be discarded, thus facilitating the control of the 
water balance in the leaching circuit. 

When, as is the case with Sherritt Gordon concen- 
trates, sulphides are treated with ammonia solution 
in the presence of oxygen, the leach solution con- 
tains SO, , and an entirely different set of conditions 
is encountered. The ammine sulphates (of nickel, 
for example) are more soluble than the carbonates 
and can be only partially decomposed by boiling. 
The SO, and NH, in the solutions can not be re- 
covered by boiling. Thus, despite the more favor- 
able leaching conditions resulting from high solubil- 
ity of the ammine sulphates, the recovery of metals, 
NH,, and SO, from the solutions must be effected by 
other means. 


Sherritt Gordon Nickel Concentrate Treatment 

The Ni-Cu-Co flotation concentrate produced at 
Lynn Lake” contains 12 to 16 pct Ni, 1 to 2 pct Cu, 
0.2 to 0.5 pet Co, 33 to 40 pct Fe, 28 to 34 pct S, 8 
to 20 pct insoluble, and less than 0.02 oz per ton 
precious metals. 

The nickel is present chiefly as pentlandite, the 
copper as chalcopyrite, and the iron as pyrrhotite 
and pyrite. Most of the cobalt is thought to be pres- 
ent in pentlandite, although it is known that a small 
amount occurs as Co-Ni-pyrite. 
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In considering the applicability of ammonia leach 
methods for treating material of this composition, 
the first thought would be that, in view of the diffi- 
culty of recovering the metals when sulphate ions 
are present in the leach solution, the logical pro- 
cedure would be to roast the concentrate to remove 
sulphur, reduce copper, nickel, and cobalt selec- 
tively in the calcine following in some measure the 
methods at Nicaro, leach with ammonia-ammonium 
carbonate solution, separate the copper by cementa- 
tion, and precipitate Ni-Co hydroxide (and carbon- 
ate) by boiling. This procedure was examined™ and 
found to work satisfactorily insofar as metal extrac- 
tion was concerned, but the large number of oper- 
ations and expected difficulties of plant control sug- 
gested that it would not be commercially attractive. 

In the course of laboratory investigations, it was 
discovered that the sulphide concentrate could be 
dissolved directly in an aqueous solution of ammo- 
nia in the presence of oxygen, providing the follow- 
ing chemical and physical conditions were main- 
tained: 1—that sufficient oxygen be supplied in 
solution to react with the sulphides present in the 
concentrate; 2—that sufficient NH, be supplied to 
neutralize the acid formed by oxidation of the sul- 
phides; 3—that there be in addition sufficient NH; 
in the solution to form the higher ammines of cop- 
per, nickel, and cobalt together with the amount of 
“unbound” NH; necessary to establish equilibrium 
with the ammines; 4—that there be sufficient anions, 
SO, , etc., present; 5—that the “unbound” NH, be 
not so high as to reduce the solubility of the am- 
mines; and 6—that the temperature be such that the 
reactions proceed at an acceptably high rate, but 
not so high as to cause precipitation of basic salts or 
insoluble complex ammines. 

Laboratory and plant studies showed that these 
requirements could be met by mixing the sulphide 
concentrate with strong aqueous ammonia solution 
and leaching at a temperature between 160° and 
190°F with vigorous agitation in a closed vessel with 
compressed air to provide a partial pressure of oxy- 
gen of about 10 psi. Under these conditions the iron 
in the copper, nickel, and cobalt minerals is oxidized 
and forms hydrated ferric oxide which, together 
with the silicates, is insoluble in the ammonia solu- 
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Fig. 1—Flow diagram of leaching and copper-removal circuits. 
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Fig. 2—Diagrammatic representation of leaching sulphide 
particle (pentlandite). 


tion. The copper, nickel, and cobalt are converted 
to ammines and the sulphides oxidized to sulphates, 
thiosulphates and polythionates. 

As the presence in the leach solution of sulphate, 
thiosulphate, and other ions preclude the possibility 
of precipitating the metals as oxides or hydroxides 
by boiling off the ammonia, other methods must be 
adopted. The precipitation of nickel ammonium sul- 
phate with sulphuric acid” is an effective method of 
separating the nickel from both copper and cobalt. 
A second method” comprises separating the copper 
quantitatively from nickel and cobalt by boiling the 
leach solution to drive off part of the NH;, thus pro- 
moting the decomposition of thiosulphate and pre- 
cipitating the copper as sulphide. Nickel and cobalt 
can be recovered separately from the resulting 
copper-free solution” by a hydrogen precipitation 
method developed by Chemical Construction Corp. 
and Sherritt Gordon engineering and research staffs. 
The final products from this operation are copper 
sulphide, nickel metal, cobalt metal, and ammonium 
sulphate. 

It is the purpose of this paper to outline the chem- 
istry of the leaching and copper precipitation oper- 
ations and to discuss the effect of some of the vari- 
ables such as temperature, pressure, and ammonia 
concentration on the reactions involved. 


Flow Diagram 

Reference to the flow diagram (Fig. 1) will show 
that the leaching process comprises essentially a 
two-stage counter-current leach in which pregnant 
liquor is produced in the first stage. The solids from 
the first stage are mixed with wash water (contain- 
ing ammonia) and leaching continued in the second 
stage. When leaching is complete the pulp is thick- 
ened, the solids filtered, washed, repulped and re- 
washed twice, and discarded. The liquor is mixed 
with fresh concentrate and charged to the first stage. 
The exit gases are washed to recover ammonia. 

The pregnant liquor is boiled in a continuous unit 
to recover NH, is heated to precipitate copper sul- 
phide, and treated finally with a small amount of 
H.S to remove the last traces of copper. 


Reactions in Leaching 

The leaching action in its simplest form may be 
described as a reaction between the sulphide min- 
erals in the concentrate, dissolved oxygen, ammonia, 
and water, in which copper, nickel, and cobalt are 
converted to ammines, sulphur is converted to an 
oxidized form, and iron is converted to hydrated 
ferric oxide. These reactions might be expected to 
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be influenced in the normal manner by variations in 
temperature, pressure, and concentrations of ions 
and of “unbound” ammonia in the leach solution. 

There are, however, a number of other factors 
that serve to complicate the procedure. In the first 
place, the concentrate contains at least four sul- 
phide minerals—pentlandite (NiFe)S, chalcopyrite 
(CuFeS,), pyrrhotite (Fe,S,..), and pyrite (FeS.). 
There is some evidence to suggest that the pent- 
landite, chalcopyrite, and pyrrhotite react with oxy- 
gen, water, and ammonia, to produce soluble salts 
in such a way that the iron present in each mineral 
particle is converted to hydrated iron oxide in situ 
with the result that the particles, when leaching is 
complete, consist of hydrated iron oxide pseudo- 
morphic with the original mineral. If this hypothe- 
sis is correct, it could be assumed that, at any given 
time during the progress of the leach, the leaching 
particle as represented in Fig. 2 consists of a sul- 
phide core surrounded by an iron oxide envelope 
through which (in the case of pentlandite, for ex- 
ample) the nickel and sulphur ions diffuse outward 
to react with oxygen at the liquid-solid interface 
while the oxygen diffuses inward, possibly by a 
mechanism associated with vacancies in the oxide 
lattice. Pyrite does not react measurably under the 
conditions normally used in leaching: it remains un- 
altered in the leach residue and any cobalt or nickel 
in the pyrite can not be dissolved during leaching. 

A further complication is that the sulphur in the 
sulphides is not converted in a single step to sul- 
phate but follows through a series of reactions in 
which the first product is thiosulpate, this being fur- 
ther oxidized to thionates, which in turn are oxi- 
dized to sulphate and sulphamate. 

Studies of the leaching action carried out under a 
variety of conditions suggest that the following re- 
actions take place in sequence, although at any 
given point in time all are in progress simultaneously 


NiS: FeS + 3FeS + 70, + 10NH,; + 4H.O > 
Ni(NH,) + 2Fe.0;.H.O + 2(NH,).S.0, [1] 
2(NH,).S,0; + 20. > (NH,).S:0. + (NH.).SO, [2] 
(NH,).S;,0. + 20, + 4NH,; + H,O > 
The initial reaction, represented by Eq. 1 and in- 
volving the mineral particles, water, ammonia, and 


dissolved oxygen, is heterogeneous while the subse- 
quent oxidation of thiosulphate to thionate, sulpha- 


mate, and sulphate occurs homogeneously in the 


solution. Reaction rates are influenced by temper- 
ature, oxygen pressure, concentration of reactants 
in the solution, agitation of the pulp, and by the size 
of the mineral particles. Studies have shown that 
the rate of conversion of thiosulphate to thionates, 
sulphate, and sulphamate also is influenced by the 
presence in solution of cupric salts which act as oxi- 
dation catalysts. 
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Fig. 4—Effect of temperature on the formation of and S,0, ~~. 


Under the circumstances it is extremely difficult 
to determine with any certainty the rate-controlling 
factors except by inference from a series of batch 
tests carried out in such a way that one factor at a 
time is varied. As the leach is carried out commer- 
cially on a continuous basis, the steady state condi- 
tions present during operation are different from 
those found in a batch operation but the data ob- 
tained in the latter have been found to be entirely 
adequate for regulating the progress of the continu- 
ous leach. 


Effect of Variables 


The effect of variables on the rate and extent of 
the leaching reactions is briefly as follows: 

Temperature: In a complex system it is not possi- 
ble to predict the effect of temperature beyond the 
general statement that higher temperatures tend to 
increase reaction rates. This effect is complicated by 
the fact that higher temperatures tend to increase 
NH, vapor pressure and to promote hydrolysis. A 
series of experiments carried out with uniform con- 
ditions of agitation, O, pressure, pulp density, and 
initial solution composition but at different temper- 
atures gave the results depicted in Fig. 3. 

Although these curves indicate that there is a con- 
siderable advantage to be gained by using higher 
temperatures in the leach, this is offset by the fact 
that at the higher temperatures increased partial 
pressure of H.O and NH, necessitates the use of 
higher total pressure to maintain adequate partial 
pressure of oxygen. 

A further and more important factor is the re- 
quirement that the final leach solution produced in 
the first stage (where there is an abundance of fresh 
sulphide concentrate, a greater demand for oxygen, 
and a high evolution of heat) must contain a spe- 
cific amount of thiosulphate and trithionate to pro- 
vide the sulphide ions necessary for copper precipi- 
tation in the boiling operation which follows leaching. 
Reactions 1, 2, and 3 proceed simultaneously but 
each is affected differently by temperature variation. 
The effect of temperature on S.O;~ formation in 
reaction 1, S,0,.- formation in reaction 2, and S,0, 
oxidation in reaction 3 is represented in Fig. 4,: 
which shows the S.0,;~ and S,O,~ concentration in 
a leach solution at successive periods of time in 
batch leaches carried out at 120°, 175°, and 220°F. 

It is seen that by varying the temperature the 
peak of concentration of S,0,~ or S,0,~ may be 
varied, as may also the ratio of S,0,~~ to S.0;, and 
the period of time in which high concentrations of 
the two exist. The curves shown represent only one 
set of conditions in respect to oxygen pressure, agi- 
tation, liquid-solid ratio, and initial solution analy- 
sis: the progress of the reactions and hence the 
shape of the curves may be further varied by alter- 
ing these conditions. 
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Oxygen Pressure: During the early stages of a 
batch leach when fresh sulphides are abundant in 
the pulp, there is a high oxygen requirement for 
sulphide oxidation and for oxidation of thiosulphate 
and thionate to sulphate and sulphamate. Under 
these conditions, the concentration of oxygen in the 
solution becomes depleted and the leaching rate is 
determined by the dissolution of oxygen at the gas- 
liquid interface which in turn depends on the 
oxygen partial pressure. 

As the leaching nears completion, the oxygen 
demand is less and oxygen pressure may be super- 
seded as a rate-controlling factor by other factors 
such as outward diffusion of sulphide ions through 
the oxide layer surrounding the unreacted sulphide 
cores,” see Fig. 2. 

In Fig. 5, which shows the amount of nickel and 
sulphur dissolved in the course of a series of leaches 
made at different oxygen pressures but with other 
conditions unchanged, it is seen that increased oxy- 
gen pressure accelerates the leaching action during 
the initial stages but has less effect on rate as the 
reactions proceed. Variation in oxygen pressure has 
no effect on the ultimate extraction of nickel or 
sulphur. 

Increased oxygen pressure accelerates oxidation 
of thiosulphate and thionates during the initial pe- 
riod when they are abundant in the leach solution 
and thus tends to decrease the maximum concentra- 
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Fig. 8—Effect of 
soluble calcium on 
leaching rate of 
nickel. 
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the same way as these are affected by increased 
temperature, as shown in Fig. 4. 

NH, Concentration: Determination of the effect 
of NH, concentration on the rate and extent of the 
leaching action is complicated by the fact that the 
ammonia entering the leach reacts in four ways: 
1—some of the NH, is neutralized to NH,*, 2—some 
is converted to sulphamate NH,.SOs, 3—some joins 
the nickel, copper, and cobalt present to form am- 
mines [Ni(NH,;)x]** in which x may have a value 
between 1 and 6, and finally 4—some NH, remains 
as unbound NH, in solution. The NH, in the metal 
ammines and the unbound NH, both react with 
acid and the sum of the two is termed “‘titrateable”’ 
ammonia. The proportion of each present can be 
determined” from a knowledge of the equilibrium 
constants for the formation of the various ammines. 

Studies have shown that increased unbound NH, 
concentration within the range required for suc- 
cessful operation affects the leaching operation in 
two ways: 1—it increases the rate of leaching of 
nickel, copper, and cobalt and 2—7it increases the 
maximum extraction of the metals. Fig. 6 illustrates 
these effects for the leaching of nickel; the curves 
for copper and cobalt are similar. The lower final 
extractions with low unbound NH, can be explained 
at least in part by the fact that high NH, content in 
the leach solution tends to reduce the nickel content 
of the hydrated iron oxide® as shown in Fig. 7. 
Varying the unbound ammonia does not affect the 
rate or extent of extraction of sulphur. 

Sulphate Ions: If the concentration of anions such 
as -sulphate ions is too low, the leaching rate and 
ultimate metal recoveries are also low. Normally, 
sufficient sulphur is dissolved from the sulphide 
concentrate to provide adequate concentration of 
sulphate and sulphamate ions in the leach solution. 
When leaching a sulphur-defivient material such as 
a matte or metal, it is necessary to provide addi- 
tional anions in the leach solution, usually by the 
addition of ammonium sulphate. 

Particle Size: The flotation concentrates used 
throughout the investigation were fine enough 
(about 85 pct —200 mesh) so that the minerals 
were largely unlocked and additional grinding had 
relatively little effect on leaching rate or recovery. 
It is obvious that coarser particles would leach 
more slowly due to the thicker oxide layer on the 
particle, increasing the difficulty of diffusion. The 
presence of particles of different sizes increases the 
difficulty of interpreting rate curves. 

Calcium: The presence of soluble calcium in the 
concentrate, resulting from CaO additions in the 
flotation cells, has an adverse effect on the leaching 
rate. The extent of this effect has been determined 
by leaching a concentrate low in soluble calcium 
(0.3 pet), then adding different amounts of CaO, 
other conditions remaining unchanged. As shown 
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in Fig. 8, an addition of CaO corresponding to 0.5 
pet of the concentrate, giving a total soluble calcium 
content of 0.8 pct in the concentrate, reduced the 
nickel leached in 6 hr from 95 to 75 pct while a 1.5 
pet equivalent calcium addition reduced it to 50 pet. 

It is presumed that the calcium combines with 
SO.” produced during leaching to form an insoluble 
CaSO, film on the surfaces of the leaching particles 
which, by obstructing the access of oxygen to the 
particles, retards the leaching action. The detri- 
mental effect of calcium can be counteracted by 
adding a small amount of CO, to the leach solution to 
produce insoluble CaCO,. The effect of CO, addition 
is indicated by the top curve in Fig. 8. 

Agitation: Agitation has a pronounced effect on 
leaching rates due to the heterogeneous character of 
the reactions which involve dissolving oxygen at 
the gas-liquid interface, transporting the oxygen 
through the solution to the sulphide particles, and 
removing the concentrated leach solution from the 
liquid-solid interface. Any one of the three men- 
tioned may be the rate-controlling factor at one 
time or another during the leach, but increased 
agitation which means increased power input will 
accelerate all three. Although this field has not been 
fully investigated, the data obtained indicate that 
the initial leaching rate of nickel is directly propor- 
tional to the power input. It should be mentioned 
that the practical limit of agitation is determined 
by the need to prevent disintegration of the com- 
paratively soft hydrated iron oxide residue particles. 
Fine particles produced by overagitation are detri- 
mental in subsequent thickening and filtering oper- 
ations. 

Boiling 

The pregnant leach solution produced under con- 
ditions. selected to give high recovery of metals in 
the two-stage continuous leaching unit is complex 
in character. It contains nickel, copper, and cobalt 
as ammines, unbound NH,, S.0;~, S,O,~, SO,~, and 
NH,.SO,. The first step in treating this solution to 
prepare it for subsequent nickel precipitation has 
two objectives: 1—to remove and recover part of 
the titrateable NH, and 2—to separate the copper 
as sulphide. Both can be achieved by a single boil- 
ing operation, but, for purposes of convenience and 
efficiency, the copper removal is carried out in two 
stages. 

In the first stage ammonia is boiled off in a series 
of pot stills, condensed, and recovered as 15 pct 
aqua which is recycled. In the second stage the 
solution low in unbound ammonia is heated to a 
temperature above 250°F to complete the precipita- 
tion of copper sulphide which commences as the 
ammonia concentration is lowered during the first 
boiling stage. 
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Fig. 10— Influence 
of temperature on 
the precipitation of 
copper sulphide from 
ammine solution. 
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Reactions taking place as NH, decreases are as 
follows 


H,O SHO + + 2H* [4] 
S,0,- + Cu** + 2H,O> 2SO,- + CuS + 4H* [5] 
820; + Cu + H,O > SO, + CuS + [6] 


SO” + [7] 


Cu(NH,),** > [Cu(NH,),.]** + nNH, [9] 
> [Ni(NH,)o-n]** + nNH;. [10] 


The distillation of NH, from the leach liquor has 
been studied in some detail." The problem can be 
treated as an ordinary NH, distillation operation 
providing consideration is given to the effect of 
metal ion concentration in the solution on the ac- 
tivity of the NH. 

The progress of a boiling operation depicted in 
Fig. 9 shows that as NH, decreases the S,O,;~ de- 
composes rapidly and that the copper is precipitated 
by decomposition of both S,O,~ and S.O,~. After 
three hours, the rate of precipitation of copper be- 
comes uneconomically slow. 

In the second stage, the boiled solution contain- 
ing copper sulphide is transferred to an autoclave 
and the temperature raised to 250°F or over to 
accelerate the final precipitation of CuS by S.O;-, 
according to reaction 6. The effect of increasing 
temperature is shown in Fig. 10. In actual. opera- 
tion, the boiling and copper sulphide precipitation 
are carried out in continuous units, the copper 
being reduced to 0.03 to 0.1 g per liter. 


Stripping 

As it is necessary that the copper concentration in 
the boiled solution be less than 0.005 g per liter, 
further purification is required. This is readily 
achieved by adding H.S in stoichiometric amount at 
solution temperatures of about 200°F. The final 
purified solution contains about 0.001 g per liter Cu. 
If H.S is not available, a similar purification can be 
effected by heating the solution to about 300°F in 
the presence of fresh nickel concentrate or pyr- 
rhotite. By a replacement mechanism, the copper is 
precipitated as sulphide. 


Application of Principles in Pilot Plant Control 

In the pilot plant leaching operation, the counter- 
current leach, boiling, copper removal, and copper 
stripping operations are all carried out in con- 
tinuous units. In such an operation the steady state 
conditions existing at a given time and in a given 
unit are necessarily different from those occurring 
at any time in a batch operation. The interpretation 
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of data obtained in batch tests in terms of con- 
tinuous operation must depend therefore on empiri- 
cal relations which can be established only on the 
basis of adequate experimental results and corre- 
lation of batch and continuous data. Nevertheless, 
the principles and trends observed in batch tests do 
serve as a guide in developing design and in con- 
trolling the chemistry of the continuous units. 

It is evident from the basic studies that the criti- 
cal factors in the leaching circuit are: temperature, 
ammonia concentration, oxygen pressure, and agi- 
tation. 

Since the oxidation of sulphides in solution gen- 
erates large amounts of heat, the regulation of 
temperature can be simply effected by altering the 
amount of water in the cooling coils and jackets 
which surround the autoclaves. In the pilot plant 
temperature is controlled automatically by a ther- 
moregulator on the cooling water discharge. The 
optimum operating range is between 160° and 
175°F. In this range the leaching reaction proceeds 
rapidly and the concentration of thiosulphate and 
polythionate in the pregnant solution is sufficient to 
precipitate the copper in the subsequent boiling 
operation. The concentration of thiosulphate and 
thionate can be increased by reducing the leaching 
temperature. It is possible to regulate S,O,;~ content 
within 1 g per liter by changing the temperature 
5°F without changing the leaching rate by a meas- 
ureable amount. 

To ensure maximum extraction of metals, the 
NH, content of the leach solution is maintained at 
the highest value compatible with efficient opera- 
tion. Usually the unbound NH, is carried at 50 to 
60 g per liter. A deficiency of NH, in the second 
stage of leaching lowers recoveries and very high 
NH; imposes a heavy load on the absorption towers 
used for stripping NH, from the effluent gases from 
the autoclaves. The NH; content is regulated by 
periodic titration of the leach solutions and main- 
tained by automatic NH, feeding devices linked to 
the ore input to the leaching system. The unbound 
NH; content of solution can be readily controlled 
within +5 g per liter. 

Oxygen pressure has a less important effect than 
temperature or NH, concentration and is not usually 
varied but is determined by the operating pressure 
of the autoclaves, the temperature, and the partial 
pressure of NH;. The autoclaves operate at about 
100 psig and O, in the effluent gases is about 8 pct, 
giving an oxygen efficiency of 60 to 70 pct. Higher 
efficiencies can be obtained but only at the expense 
of lowered leaching rates, due to oxygen deficiency 
in leach solutions when the partial pressure of oxy- 
gen is reduced to a low level. Higher leaching tem- 
peratures and high NH, content of the leach solu- 
tion increase the partial pressure of NH; and, as the 
total pressure remains unchanged at 100 psig, effec- 
tively reduce the oxygen partial pressure, thus 
tending to reduce the leaching rate and to counter- 
act the advantage to be gained by higher tempera- 
ture and NH, concentration. 

The agitation must be sufficient to maintain a 
uniform pulp, to provide the maximum gas-liquid 
interface to promote oxygen dissolution, and to pro- 
duce a “shearing” action at the surface of particles. 
Increased agitation is obtained only at the expense 
of additional power. The amount of agitation to be 
used therefore is determined largely by economic 
considerations and by the requirement already 
noted that the soft leached particles must not be 
abraded. The quality and degree of agitation are 
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regulated by using different types of impellers 
driven by variable speed motors. 

In the boiling and copper removal stages, the 
batch data are translated to continuous operation 
without difficulty. 

The continuous boiling unit is operated to pro- 
duce 15 pct aqua in the ammonia condenser, the 
rate of flow being adjusted to the heat input into 
the evaporators. Water and steam are added to 
maintain a uniform liquid volume in order to pre- 
vent precipitation of nickel salts from a concen- 
trated solution. 

The continuous copper precipitation unit is de- 
signed in such a way that the retention time is suffi- 
cient to permit reducing the copper content of the 
solution to about 0.03 g per liter at 250°F. As this 
is a homogeneous reaction, the important factor is 
temperature and the time required can be regulated 
by adjusting the temperature. The operation is 
readily controlled. 

The stripping reaction is controlled by feeding 
continuously a measured (stoichiometric) amount 
of H.S to the reaction vessel. Temperature and agi- 
tation can be varied to regulate the retention time 
necessary for complete removal of copper. 


Summary 

In the ammonia pressure leaching process for ex- 
tracting nickel, cobalt, copper, and sulphur from 
sulphide minerals, the reactions in the leaching 
stage which are heterogeneous in character are such 
that oxygen dissolves in an ammoniacal leach liquor 
and there reacts with the solid sulphides to give 
oxidized products including nickel, cobalt, and cop- 
per ammines, sulphate, thiosulphate, polythionate 
and sulphamate ions, and hydrated ferric oxide. 

The rate of leaching is controlled by temperature, 
NH, concentration in the leach liquor, oxygen pres- 
sure, and amount of agitation. Of these, tempera- 
ture and NH, concentration are the most important 
although adequate oxygen and agitation must be 
provided. The leaching operation is regulated to 
produce a pregnant liquor having a content of 
thiosulphate and polythionate sufficient to react 
with the copper present in the subsequent boiling 
stage and to produce an iron oxide residue low in 
adsorbed nickel. 

The pregnant liquor is boiled to produce 15 pct 
aqua and to lower the unbound NH; to the point 
where thiosulphate and polythionates decompose by 
reaction with copper ions to produce copper sul- 
phide. In a second copper-removal stage, the tem- 
perature of the boiled solution is raised to over 
250°F to accelerate the decomposition of thiosul- 
phate and to precipitate the copper to 0.03 g per 
liter. The copper is finally reduced to 0.001 g per 
liter by addition of a measured stoichiometric 
amount of H.S. 

The final copper-free solution, containing about 
45 g per liter Ni, 0.8 g per liter Co, 0.001 g per liter 
Cu, in addition to sulphur as sulphate and sulpha- 
mate in an amount of 80 to 90 g per liter, is in suit- 
able condition for the subsequent operations associ- 
ated with precipitation of nickel. 
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Acid Pressure Leaching of Uranium Ores 


by F. A. Forward and J. Halpern 


A new process is described for extracting uranium from ores containing sulphidic miner- 
als, which comprises treating an aqueous pulp of the ore with air or oxygen at elevated 
temperatures and pressures. The acid required to dissolve the uranium is generated dur- 
ing the leach through oxidation of the sulphides. The chemistry of the process is discussed 
and laboratory results are presented to illustrate the operation of the method and the 
variables which control it. With most ores, lzaching at a temperature of 130°C and an 
oxygen partial pressure of 10 psi provides uranium extractions of 90 to 95 pct in 4 to 6 
hr. The acidity and level of dissolved impurities in the leach liquor can be kept fairly low. 
The method is characterized by a number of advantageous features including low reagent 
cost, short retention times, and high recoveries. 


ECENTLY there have been developed several 
processes for extracting metal values from ores 
by pressure leaching techniques;** an example is the 
carbonate leaching process for uranium ores which 
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has been studied in this laboratory.’ Leaching is car- 
ried out under oxygen pressure to ensure oxidation 
of the uranium to hexavalent compounds which are 
soluble in carbonate solutions. 

During the course of investigations relating to this 
process, it was observed that sulphide minerals, such 
as pyrite, usually were oxidized under the conditions 
of the leach treatment resulting in the formation of 
iron hydroxides and sodium sulphate, i.e. 


2 FeS, + 7% O, + 8 Na,CO; + 7 H,O > 
2 Fe(OH); + 4 Na,SO, + 8 NaHCO,. [1] 
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A similar reaction involving the oxidation of pyrite 
in sodium hydroxide solutions has recently been 
studied by Stenhouse and Armstrong.* 

Reaction 1 may be considered as taking place in 
two steps represented by the following equations 


2 FeS, + 7% O. + 7H,O > 
2Fe(OH), + 4 [2] 


4 H,SO, + 8 Na,CO;, > 4 Na,SO, + 8 NaHCO, [3] 


The reagent consumption resulting from these re- 
actions often renders carbonate leaching uneconomi- 
cal for the treatment of high sulphide uranium ores. 
It has also been found that such ores are sometimes 
difficult to treat by conventional acid leaching be- 
cause of excessive reagent consumption, poor re- 
coveries, or large amounts of impurities dissolved. 

The process described in this paper is designed to 
overcome these difficulties and to provide a simple 
and economical method for extracting uranium from 
sulphidie ores. Based on the observations and con- 
siderations outlined previously, it takes advantage 
of the presence of sulphur or sulphidic minerals in 
the ore, using them to generate the acid required to 
dissolve the uranium, thus making it possible to 
leach the ore with water to which no acid or other 
leaching reagents have been added. 

The method comprises treating an aqueous pulp 
of the ore with air or oxygen at elevated tempera- 
tures and pressures. The sulphides in the ore are 
oxidized in accordance with Eq. 2 or through similar 
reactions, and the solution is thus rendered suffi- 
ciently acidic to attack and dissolve the uranium 
minerals. The combination of elevated tempera- 
tures and oxygen pressures ensures that leaching is 
rapid and complete. By suitably controlling the con- 
ditions of the leach, it is possible to maintain the acid 
and dissolved impurities at conveniently low levels. 

This process has been examined on a laboratory 
scale and found to operate efficiently for a variety 
of uranium ores ranging in grade from 0.08 to 0.60 
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Fig. 1—Course of a typical leaching experiment. Grind, 65 pct 


—200 mesh; pulp density, 50 pct solids; temperature, 130°C; and 
O, pressure, 10 psi. 
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pet U,O;, and in sulphur content from 1 to 13 pct; 
the ores varied widely in origin and mineral con- 
stitution. Some typical results, illustrating the ap- 
plication of the method to recovering uranium from 
one of these ores, are presented in this paper. 


Experimental 

Materials: The ore used in these tests had the fol- 
lowing composition: U,O,, 0.17 pct; Fe, 3.8 pct; S, 
and SiO., 89.0 pct. The uranium was present chiefly 
as finely disseminated pitchblende or uraninite. 
Pyrite, together with a small amount of pyrrhotite, 
accounted for most of the iron and sulphur. 

The leaching tests were made using distilled water 
and compressed oxygen of commercial grade. All 
chemical reagents were chemically pure grade. 

Procedures: The leaching tests were conducted in 
an autoclave, measuring 7 in. ID by 11 in. in height, 
and constructed entirely of No. 316 stainless steel. 
The autoclave was heated externally with a gas 
burner, the temperature being regulated by a 
Wheelco thermocouple controller. A thermocouple. 
well, cooling coil, sampling tube, and externally 
driven impeller shaft were sealed through the 
bolted lid. The impeller had three pitched blades of 
1.5 in. radius and was rotated at 550 rpm. 

The charge generally consisted of 2000 g of water 
and 2000 g of ore, rod milled to a desired screen 
size (usually 65 pet —200 mesh). It was heated in 
the autoclave to a given temperature and main- 
tained, with continuous stirring, under a desired 
partial pressure of oxygen. The ore and solution 
were sampled periodically and analyzed. Uranium 
extractions were calculated in all cases from tailings 
analyses. 

Uranium determinations were made fluorimetric- 
ally" using a Massachusetts Institute of Technology 
Model III Fluorimeter. pH measurements were made 
with a Beckman Model H2 pH Meter. Other deter- 
minations were by standard analytical methods. 


Results and Discussion 

Course of a Typical Leach: Fig. 1 depicts the 
course of a typical leaching experiment made under 
the following conditions: grind, 65 pct —200 mesh; 
pulp density, 50 pct solids; temperature, 130°C; 
O, pressure, 10 psi; and total pressure, 35 psig. 

These conditions were found to result in rapid 
oxidation of the sulphides so that the pH of the 
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solution was lowered to a value of 1.0, and 16 g per 
liter of SO, ~ was dissolved in about 6 hr. During 
this period, about 95 pct of the uranium in the ore 
was leached. The final composition of the leach solu- 
tion was: U,Os, 1.6 g per liter; Fe, 3.0 g per liter; 
Al***, 1.0 g per liter; SiO,, 0.8 g pen titer 
16 g per liter. 

The leaching behavior of the other ores which 
were tested was similar and, in each case, compar- 
able extractions were obtained under the same con- 
ditions. 

Chemistry of the Leach Process: In addition to 
the reaction represented by Eq. 2, reactions of the 
following type probably enter into the oxidation of 
the pyrite during the leach 


FeS, + 3% O, + H.O > FeSO, + H.SO, [4] 
+142 0, + H.O > Fe,(SO,), + H.SO, [5] 


Fe.(SO,). + (3 + x) H.O> 
Fe.0O;°xH,O + 3 H.SO, [6] 


Fe;(SO,); + (2 + 2x)H,O > 
2 Fe(OH)SO,'xH,O + H.SO, [7] 


and so forth. All these reactions yield sulphuric 
acid; some also result in the formation and dissolu- 
tion of iron salts. Nearly all the iron in solution was 
in the form of ferrous sulphate. Apparently any 
ferric salts which are formed are hydrolyzed in 
accordance with Eqs. 6 and 7 and precipitated as 
hydrated ferric oxides or basic ferric sulphates. This 
is to be expected in view of relatively high tempera- 
tures and low acidity of the leach solutions. 

Elemental sulphur and other sulphide minerals 
such as pyrrhotite can be oxidized in a similar man- 
ner and also yield sulphuric acid under the condi- 
tions of this leach treatment, i.e. 


S + 146-0, + H.0—' [38] 


432 (x + > 
Fe.O,°xH,O + 2 H.SO,. [9] 


Most uranium minerals are readily attacked and 
dissolved by the acid solutions thus generated. In 
the case of pitchblende or uraninite, the leaching 
reaction is 


UO; + % O, + 3 H.SO, > 3 UO.SO, + 3 HO. [10] 


Other uranium minerals react in a similar manner 
and also dissolve as uranyl sulphate. These reactions 
are favored by the high temperatures and oxygen 
pressures which are used, permitting shorter reten- 
tion times to be employed and higher recoveries to 
be obtained than is often possible with conventional 
acid leaching. 

The dissolution of small amounts of aluminum, 
magnesium, and silica which is sometimes observed 
can be attributed to the reactions 


+ 3 H,SO,> Al,(SO,); + [11] 
[12] 
[13] 


Other metals in the ore, which form soluble sul- 
phates and which are not readily hydrolyzed, also 
might be expected to dissolve. 

' Leaching Variables: 1—Grind—While the leach- 
ing rate generally increased with the fineness of 


» MgO + H.SO, > MgSO, + H:O 
SiO, + H,O > H.SiO.. 
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Fig. 3—Relation between temperature and retention time. Oz 
pressure, 10 psi. 


grind, a grind of 50 to 60 pct —200 mesh was found 
to be satisfactory with most ores and to yield opti- 
mum recoveries of 90 to 95 pet U;O; with fairly short 
retention times. 

2—Pulp Density—No changes in the leaching rate, 
or in the ratio of the concentrations of dissolved 
impurities to that of uranium, were observed when 
the pulp density was varied from 20 to 65 pct solids. 
A pulp density of about 65 pct solids appears to be 
practical and advantageous. 

3—Temperature—Temperature was found to be 
the most critical variable affecting leaching rates 
and recoveries. This is illustrated in Figs. 2 and 3, 
which show that the leaching rate doubles and the 
retention time required to achieve a given extrac- 
tion is correspondingly reduced with every rise in 
temperature of 10° to 15°C. Thus it would appear 
desirable to operate at temperatures of 130° to 
140°C, where 4 to 6 hr are generally required to 
achieve recoveries of 95 pct U,O,. Below 120°C, 
oxidation of the sulphides and leaching of uranium 
are usually impracticably slow. 

4—Oxygen Pressure—As would be expected, no 
acid was generated and no uranium dissolved in the 
absence of oxygen. On introducing oxygen, the 
leaching rate was found to increase with the oxygen 
partial pressure up to partial pressures of about 10 
to 15 psi; further increases in the oxygen partial 
pressure had little effect. This is shown in Fig. 4. 
The optimum partial pressure of oxygen thus would 
appear to be about 10 psi, corresponding to 50 psi of 
compressed air. At 130°C the vapor pressure of the 


. solution is about 25 psig. Total operating pressures 


would thus be about 35 psig if oxygen is used or 75 
psig if air is used. 

Recycling: It was found that the leach solutions 
could be recycled, if desired, to increase the concen- 
tration of U,O; up to 4 to 5 g per liter or higher. 
Leaching was usually considerably more rapid in 
the second cycle than in the first, presumably be- 
cause of the acid already present in the solution. 
At the same time, it was found that the amount of 
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Fig. 4—Leaching-rate curves at various oxygen pressures. Tempera- 
ture, 130°C. 


acid generated and impurities dissolved in the sec- 
ond cycle were lower than in the first. Consequently, 
a better ratio of uranium to impurities was obtained, 
facilitating subsequent treatment of the solution. 

Corrosion: No practical difficulties were encoun- 
tered in carrying out these leaching experiments on 
a laboratory scale using an autoclave constructed of 
No. 316 stainless steel. Providing the temperature 
was maintained below 140°C and the oxygen partial 
pressure below 15 psi, there was no evidence of any 
serious corrosion. Some pitting corrosion was ob- 
served when higher partial pressures of oxygen 
were used, but this would not appear to be a serious 
consideration, since it has been shown that satis- 
factory leaching can be achieved at oxygen pressures 
of 10 psi or less. 

Precipitation: Any of the known methods of pre- 
cipitating uranium from acid solutions can be ap- 
plied to recover the uranium values from the leach 
liquors obtained by this treatment. A particularly 
convenient method consists of raising the pH of the 
solution to a value of 6 or higher by addition of am- 
monia. This precipitates all the uranium as an am- 
monium uranate salt, together with hydroxides of 
iron and aluminum. The precipitate obtained by this 
method usually contains 10 to 20 pet U;Os. 

Since the leaching method permits the concen- 
trations of free acid and/or iron salts in the solution 
to be maintained at low levels, the amount of am- 
monia which is required for this precipitation is 
fairly low, usually about 10 per lb per ton. If de- 
sired, the crude precipitate which is obtained may 
be further upgraded by igniting or by leaching with 
a carbonate solution which dissolves the uranium, 
separating it from the iron and aluminum hydrox- 
ides. A high grade uranium product, assaying 170 
to 80 pet U,O;, can be recovered readily from the 
carbonate solution by addition of caustic. The bar- 
ren liquor from the ammonic precipitation contains 
ammonium sulphate and can be discarded, recycled, 
evaporated to recover ammonium sulphate, or 
treated with lime to recover the ammonia. 
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Conclusions 

A new process has been described for extracting 
uranium from ores containing sulphidic minerals. 
This process, which has been developed and tested 
on a laboratory scale, comprises treating an aqueous 
pulp of the ore with air or oxygen at elevated tem- 
peratures and pressures. The acid necessary to dis- 
solve the uranium is generated during the leach by 
oxidation of the sulphides. This makes it possible to 
leach the ore with water to which no acid or other 
leaching reagents have been added. The sulphur or 
sulphidic compounds used to generate the acid may 
be present originally in the ore, or they can be 
added. In this way, the process can be applied to 
most uranium ores. 

Laboratory results have been presented which 
illustrate the application of the process and the 
chemical reactions and variables which control it. 
With most ores the following leaching conditions 
appear to be optimum: grind, 50 to 65 pct —200 
mesh; pulp density, 65 pct solids; temperature, 
130°C; and O, partial pressure, 10 psi. Under these 
conditions, uranium extractions of 90 to 95 pct were 
obtained with all the ores examined, including one 
ore which gave recoveries of only 50 to 60 pct by 
conventional acid or carbonate leaching. Retention 
times of 4 to 6 hr were usually adequate. 

Among the advantages which appear to be asso- 
ciated with this porcess, are the following: 

1—No reagents other than compressed air or oxy- 
gen are required in the leach. 

2—The retention times are usually much shorter 
than with conventional methods. The resulting re- 
duction in the size of leaching vessels serves to 
compensate for the use of higher temperatures and 
pressures. 

3—Higher uranium extractions are often obtained 
than by conventional leaching methods. 

4—The acidity and level of dissolved impurities 
in the leach liquors can be kept fairly low. This 
facilitates recovery of the final uranium product. 

It is suggested that the method can be applied 
with particular advantage to recovering uranium 
1—-from ores whose sulphide content is so high that 
excessive reagent consumption is entailed in using 
other methods, and 2—from ores containing refrac- 
tory uranium minerals where recoveries by other 
methods are often unsatisfactory. 
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Preparation and Arc Melting of High Purity Iron 


by G. W. P. Rengstorff and H. B. Goodwin 


A method is described for purifying iron in batches of 150 Ib or more. Oxygen, 
carbon, nitrogen, and sulphur are removed from flakes of electrolytic iron by treat- 
ment in wet and then dry hydrogen. A special consumable-electrode arc furnace is 
used to remove hydrogen and to melt the flakes into ingots. 


LTHOUGH iron and steel have been made and 

used for hundreds of years, there are still wide 
gaps in the knowledge of these metals. One reason 
for this is that the true properties of the base metal, 
iron, are not well known, simply because really 
pure iron has never been readily available for re- 
search purposes. 

Commercial iron, and even the “pure” irons 
which are readily available, are really complex 
alloys of iron with oxygen, nitrogen, hydrogen, 
carbon, sulphur, silicon, and other elements. With 
such materials, it has not been possible to prepare 
steels and other iron-base alloys in which all ele- 
ments are present in exactly controlled amounts. It 
is an almost impossible task to determine the sep- 
arate effects of each element or the intereffects of 
several elements unless alloys can be prepared con- 
taining only the desired elements. 

The ability to make controlled alloys of low 
impurity content is of far more than academic in- 
terest. It will assist in the study of such practical 
problems as the brittle failure of ship hulls or high 
pressure gas pipelines, determination of the factors 
which affect the deep-drawing properties of steels, 
the improvement of magnetic and electrical prop- 
erties, the phenomenon of aging, and many others. 

In 1949, the American Iron and Steel Institute 
asked Battelle Memorial Institute to prepare high 
purity iron on a larger scale than had been at- 
tempted up to that time. The work was directed 
toward the preparation of iron as low as possible in 
carbon, oxygen, nitrogen, hydrogen, and sulphur 
because these are the contaminating elements of 
major interest in many research investigations on 
iron-base alloys. The initial goal was to prepare 
iron with not more than a few thousandths of one 
percent of each of these impurities. The purpose was 
to set up a “bank” of high purity iron on which re- 
searchers could draw when a supply was needed and 
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which could be replenished from time to time as the 
stock became depleted. 

Of several possible purification methods, heating 
in hydrogen was selected as the most promising for 
the removal of both carbon and oxygen from solid 
iron. Metallic impurities are not removed by hydro- 
gen. Electrolytic iron was chosen as a starting ma- 
terial because it is the most readily available form 
of iron low in metallic impurities. 

Decarburization and desulphurization were ob- 
tained by annealing in wet hydrogen at relatively 
low temperatures. The optimum temperature, as 
found by previous investigators,’ is about 1400°F. 
This treatment also removes nitrogen. 

Deoxidation is favored by dry hydrogen and 
higher temperature. There is evidence from pre- 
vious work that an anneal at 2200°F in dry hydro- 
gen will deoxidize the iron, reduce the nitrogen con- 
tent, and reduce the sulphur content. 

These facts suggested the use of a two-stage proc- 
ess: treatment in wet hydrogen followed by treat- 
ment in dry hydrogen. 

To carry out the purification process in a reason- 
able time, it was necessary that the iron be in thin 
pieces. Flakes of electrolytic iron were used. Be- 
cause most research requires that the iron be in 
massive form, it was necessary to melt the purified 
iron to consolidate it into large pieces. For this 
work, it was decided to prepare ingots weighing at 
least 15 lb by using a cold hearth arc-melting proc- 
ess in which the iron was melted in an inert at- 
mosphere of argon or helium. This method of melt- 
ing was selected because the water-cooled copper 
crucible is not wet by the iron and does not contam- 
inate it as a refractory crucible would. Because the 
crucible is also the ingot mold, contamination from 
mold materials was also eliminated. Contamination 
from electrodes was avoided by making them from 
purified electrolytic iron. The melting procedure 
finally developed was an adaptation of the Kellogg 
electric ingot process.” 

Two batches of purified iron weighing about 100 
lb each in ingot form were prepared with analyses 
as shown in Table I. 

The remainder of this paper describes the pro- 
cedures in more detail. In general, the process con- 
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sists of four major steps as follows: 1—preparation 
of electrodes from flakes of electrolytic iron, 2— 
treatment of the electrodes with wet hydrogen, 
3—treatment of the electrodes with dry hydrogen, 
and 4—are melting of the purified electrodes into 
ingots. 

Preparation of Electrodes 

The first step was to make electrolytic iron sheet 
0.03 in. thick. This was done by induction melting 
electrolytic iron flakes in a MgO crucible under a 
blanket of argon and casting an ingot. The ingot 
was forged and rolled into sheet which was cut into 
pieces which would form tubes 2 in. in diameter 
and 72 in. long, as shown in Fig. l. 

The tube was closed by tack welding, one end 
was crimped closed, and the tube was filled with 
fiakes of electrolytic iron with a little steel wool in 
the open end to hold the flakes in position. An elec- 
trode, complete except for the steel wool, is shown 
in Fig. 2. 

Flakes of electrolytic iron received from the man- 
ufacturer were about 54 in. on their longest dimen- 
sion, too large to pack tightly into the electrodes. 
The flakes were easily broken to a more convenient 
size (about 14 in. or less) by putting them through 
a hammer mill with the lower screen removed. 


Assembly for Purification in Hydrogen 


Seven electrodes were packed into an assembly 
which consisted of an electrolytic-iron tube inside 
a mild steel jacket, as shown in Fig. 3. 

The double-wall construction was used to pre- 
vent diffusion of gases into the purification zone by 
maintaining a fiow of argon in the space between 
the tubes; gases which diffused through the outer 
tube were swept away. Not shown in Fig. 3 is a 
type 321 stainless steel separator between the inner 
tube and the jacket. The stainless steel slowed the 
passage of carbon from the jacket (0.15 to 0.25 pct 
C) to the inner tube (0.005 pct C). 

It was necessary to use iow carbon iron (elec- 
trolytic iron) for the inner tube. Unless this was 
done, carbon from the inner tube was transferred 
to the electrodes. This was strikingly shown in one 
test in which the inner tube was 1020 steel. In this 
test, the ends of the electrodes near the hydrogen 
inlet contained less than 0.001 pct C, but the rest of 
the electrodes contained about 0.023 pct C. 


WRAP IRON 
INTO TUBE ee 


Fig. 1—Tube for elec- 
trode before welding. 


FILL TUBE 
TO FORM ELECTRODE 


Fig. 2—Electrode af- 
ter welding, crimp- 
ing, and packing. 
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Table I. Carbon, Oxygen, Nitrogen, and Hydrogen 


Analyses of Ingots 


Analysis, Pet 


Carben? 


Oxygen* Nitregen* Hydregen* 
Ingots Purified in Let 
A 0.0022 < 0.0002 0.00002 @.003 
A 0.002 0.0001 0.00001 0.005 
A 0.0061 Q. 0.004 
0.0060 Q. ee 
Ag 0.0 0 0.006 
B2 0.0 0.004 
B2: 0.0 0.00 


AAAAAA BAS 


rere made by the 


ONS 


ig 


of 1% in.* Considerable trouble was encountered 


dene by the Pearson 


of the electrolytic plate while form- 
tube.+ This problem was partially 


solved by normalizing the plate at 1500°F before 
forming. The inner tube was fabricated as two sec- 
tions, each 7 1/3 in. ID and 45 in. long. The two 
sections were welded together into a 90 in. tube, a 
flange was welded to one end, and a bottom plate to 
the other. Heliarc welding was used with electro- 
lytic iron as a filler. The tube was made as gas 
tight as possible. 

The outer jacket, a 10 in. grade A seamless steel 
pipe with 44 in. walls, protected the inner tube from 
furnace gases. Although it was sprayed with alumi- 
num to reduce oxidation, it oxidized so severely 
that it had to be replaced after each run. 

The entire annealing tube assembly was arranged 
so that it could be evacuated before filling with hy- 
drogen. Also, it could be flooded with argon as a 
safety measure. 


Treatment in Wet Hydrogen 

The assembled annealing tubes containing elec- 
trodes were placed in a gas-fired semimuffie fur- 
nace as shown in Fig. 4, connected to a system for 
continuously supplying hydrogen, and the furnace 
heated to 1400°F. 

In the first run, tank hydrogen was introduced 
directly into the annealing assembly. There was 
enough oxygen in the iron to produce wet hydrogen 
for 6 hr, the length of the wet hydrogen treatment 
in the first run. In the second run, the 1400°F an- 
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Estimated accuracy of analyses besed on gmmsiftivity of the appe- 
ratus: oxygen, Ingots marked & 0.00010 per n¢gots marked 
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Fig. 3—Schematic diagram of the purification tube assembly. 


neal in wet hydrogen was continued for 32 hr. To 
do this, the hydrogen was saturated by bubbling it 
through water at 160°F. Arrangements were made 
to prevent condensation of the water in the lines to 
the annealing assembly. There is not yet any clear- 
cut evidence that the 32 hr treatment was any more 
effective than the 6 hr treatment. A still longer an- 
neal in wet hydrogen, however, might be beneficial. 


Treatment in Dry Hydrogen 

After the wet hydrogen treatment, the furnace 
temperature was raised rapidly from 1400° to 
2100°F and then slowly from 2100° to 2300°F. The 
temperature in the tube was usually about 50°F 
lower than that of the furnace. Dry purified hydro- 
gen was flowed through the annealing assembly 
until the dew point of the exit gas dropped to about 
—30°F for the first run and —38°F for the second 
run. Times for the dry hydrogen treatment were 
51 and 65 hr, respectively. 

Although several complicated systems were used 
for the purification of hydrogen in early experi- 
ments, it was found that the most satisfactory re- 
sults were obtained by simply passing the gas 
through hot titanium turnings or sponge. Systems 
which did not include hot titanium as one step were 
all unsatisfactory; they did not remove hydrocar- 
bons from the tank hydrogen. These hydrocarbons 
caused contamination of the iron by carbon. 

For the first run, titanium sponge was heated 
continuously at 1600°F, the sponge packed, and the 
hydrogen channelled through it. For the second 
run, thin layers of sponge were alternated with thin 
layers of machined titanium turnings. The layered 
titanium mixture was heated to 1500°F, soon raised 
to 1550°F, held there for most of the run, and then 
gradually raised to 1700°F: shortly before the end. 
This procedure gave very satisfactory results. 

Although details are not shown in Fig. 5, the 
hydrogen system included valving so that either wet 


WET HYDROGEN 
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1400°F 


WATER 


Fig. 4—Annealing setup for wet hydrogen. 
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hydrogen or dry hydrogen could be furnished to the 
annealing tube. The system also permitted argon 
to be flowed into the annealing tube when desired 
and included a vacuum pump to evacuate the tube. 
Suitable traps were provided along with flow 
meters, dew-point meter, and a cone to burn the 
exit hydrogen. All tubing leading to the annealing 
furnace was copper and connected with flared fit- 
tings. The system was checked periodically to be 
sure that it remained gas tight. 

At the end of the first run, a hole developed in 
the jacket of the annealing tube so the system was 
flooded with argon and cooled. The second batch 
was cooled in dry hydrogen to 1100°F, then in argon 
to room teimperature. 


Arc Melting the Purified Electrodes Into Ingots 

The hollow electrodes filled with loose flakes in- 
troduced a problem not encountered with solid con- 
sumable electrodes. Because electrical contact be- 
tween the flakes was poor, practically all of the 
current was conducted by the thin iron tube which 
became heated by resistance and tended to melt 
high above the arc. To avoid this, the current had 
to be introduced into the electrode as close to the 
arc as possible. Because the electrode had to move 
downward as it melted, a movable contact was re- 
quired. Sliding or rolling contacts, however, have 
a tendency to are at the high currents required, 
especially on surfaces as rough as these electrodes. 
Arcing between the electrode and the contact welds 
the electrode to the contact or contaminates the high 
purity electrode with metal from the contact. 

A new contact in which the electrode was gripped 
alternately by two sets of jaws was the solution to 
the problem. One set of jaws is movable and con- 
nected to the electrical source by a short link of 
flexible cable. The electrode feeds down with the 
movable jaws firmly clamped to it. When the end 
of the travel of the jaws is reached, the electrode is 
gripped by a set of fixed jaws while the movable 
jaws loosen and move upward to get a new grip on 
the electrode. Each set of jaws grips before the 
other lets go so there is no break in the flow of 
current. 

The electrode clamp is shown in Fig. 6. An ar- 
rangement of a weight and lever exerts pressure 
on a wheel which forces the electrode against fixed 
and movable shoes. The electrode is held tightly 
between the moving shoe and pressure wheel while 
the shoe is driving the electrode downward. This 
shoe is actuated by a cam driven from outside the 
furnace. When the jaw has reached its maximum 
downward stroke, the cam moves the jaw back out 
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Fig. 5—Setup for annealing with dry hydrogen. 
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of the way for its upward stroke. Meanwhile, the 
electrode is held tightly between the fixed shoe and 
the pressure wheel. At the top of the stroke, the 
moving jaw again takes over to give the electrode 
another short downward movement. 

Fig. 7 shows the arrangement of the furnace for 
melting the electrodes. The water-cooled base plate 
for the first ingots was copper brazed to steel. After 
the braze cracked because of a difference in thermal 
expansion of the two metals, the base plate was 


Table II. Nonmetallic Impurities in High Purity Iron 
from Several Sources 
Iron Purified in 
This Work 
Vacuum; 
Metals Nationalt Ingot Ingot 
Electro- Corp. Iron, Physical A9855, B254, 
Im- __lytic* Ferro- Labora- First Second 
purity Iron vac E tory Iron Batch Batch 
Oxygen 0.070 0.01 max 0.001 to 0.003 0.0024 0.0010 
Carbon 0.018 0.01 max 0.002 to 0.006 0.005 0.004 
Nitrogen — <0.0002** 0. or to 0.003 0.0001 <0.00009 
Hydrogen — 0.0002 max <0.000005 0.00001 0.000025 
Sulphur 0.004 0.003 max 0.003 to 0.005 as 001 <0.001 


* Typical analysis, according to the vendor, Plastics Metals Div., 
National Radiator Co. Data dated Jan. 16, 1953. 

+ The analyses are from a technical data sheet of the Vacuum 
Metals Corp., undated, but distributed in December 1953. 

t The analyses are from refs. 3 and 4. 

** This nitrogen value is specified for Ferrovac-R. Values were 
not published for Ferrovac-E but they are probably similar. 


made entirely of steel. The sides of the crucible 
were water-cooled copper. 

The furnace was evacuated and flushed with 
argon twice before starting each melt. An atmos- 
phere of high purity tank argon was maintained in 
the furnace during melting. 

To start melting, an arc was struck between the 
electrode and a pile of purified iron flakes at the 
bottom of the crucible. Thereafter, the arc poten- 
tial was maintained at 35 to 55 v with an arc cur- 
rent from 700 to 1000 amp. Direct current was used 
with the electrode negative and the melt positive 
so that most of the heat would enter the melt. The 
melting rate was about 2 lb per min. The ingots 
had a maximum diameter of 5% in. at the bottom 
with a taper of 4% in. diam per in. of height. They 
weighed from 15 to 21 lb. 


Fabrication of Ingots 

In order to prepare stock of useful size, most of 
the ingots were forged at 1400°F into bars 34% in. sq. 
The forged bars were annealed by heating to 1750°F 
for a few minutes and slowly cooling to eliminate 
the hardening caused by low temperature forging. 
For this anneal, several bars were packed into a 
gas-tight tube filled with argon and containing 
titanium turnings as a “getter.” The BHN of as- 
cast ingots and annealed bars ranged from 46 to 50 
as measured with a 500 kg load. 

The surfaces of the annealed bars were ma- 
chined to 3x3 in. and slabs cut off to make final 
specimens about % in. thick. The 
slabs were surface ground and 
electrolytically polished to re- 
move imbedded material result- 


ing from grinding. The polishing 
was carried out in such a manner 
that no hydrogen was introduced, 
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Fig. 6—Electrode driye mechanism and electrical contact. 
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Outer electrode tube 


Electrode housing 


Electrode 
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but the surfaces were discolored. 
Buffing was followed by electro- 
lytic cleaning, after which the 
bright samples were covered with 
a strippable lacquer and stored. 


Discussion of Results 

Table I lists the chemical com- 
position of the ingots prepared in 
the two batches. Some of the anal- 
yses were made on as-cast ingots, 
others on ingots which had been 
forged and annealed. The analyses 
are quite consistent except for two 
ingots which were contaminated 
by a water leak in the arc-melt- 
ing furnace. 

A special sampling technique 
was used for carbon analyses. 
Turnings gave occasional erratic 
values even when they were pre- 
pared with considerable care. 
Analyses, therefore, were made on 
1 g cubes cut from the iron with 
a hacksaw, smoothed with a file, 
and cleaned in a warm 30 to 50 
pet solution of HCl until the sur- 
faces became dull. The cubes were 
then washed thoroughly and 
dried. The HCl treatment gen- 
erally required more than % hr 
because high purty iron dissolves 
slowly. 
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Table II compares the nonmetallic impurity con- 
tent of iron produced in this work with high purity 
iron from several other sources. Of special interest 
are the low oxygen and nitrogen contents of this iron. 

Table III shows the metallic impurities found in 
each of the two batches. Analyses of normal elec- 
trolytic iron and of several other high purity irons 
are listed for comparison. 

As stated previously, the purification process de- 
scribed here is not capable of removing metallic 
impurities even though it is very effective on non- 
metallic impurities. There are, however, several 
methods for removing metallic impurities. Some of 
these, like the nitrate process of the Bureau of 
Standards,”* produce electrolytic iron as an inter- 
mediate step before the nonmetallic impurities are 
removed. Such processes could well be combined 
with the hydrogen-reduction process described 
here to produce iron of very high purity on a large 
scale. The ether-separation process, also developed 
at the Bureau of Standards,’ has produced iron of 
extremely high purity (probably the purest ever 
made with regard to metallic contaminants). This 
process also might well be a desirable means for 
preparing iron low in metallic impurities to serve 
as starting material for the present process. 
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ARC 


References 


*J. R. Low, Jr. and M. Gensamer: Aging and the 
Yield Point in Steel. Trans. AIME (1944) 158, pp. 207- 
249. 

°*H. R. Clauser: Alloys Made by the Electric Ingot 
Process Have Improved Properties. Materials and 
Methods (1948) 2%, pp. 57-61. 

*W.P. Rees and B. E. Hopkins: Intergranular Brittle- 
ness in Iron-Oxygen Alloys. Journal Iron and Steel 
Institute (1952) 172, pp. 403-409. 

4W.P. Rees, B. E. Hopkins, and H. R. Tipler: Tensile 
and Impact Properties of Iron and Some Iron Alloys 
of High Purity. Journal Iron and Steel Institute (1951) 
169, pp. 157-168. 

°J. G. Thompson and H. E. Cleaves: Preparation of 
High-Purity Iron. Journal of Research National Bureau 
of Standards (1939) 23, pp. 163-177. 

°H. E. Cleaves and J. M. Hiegel: Properties of High- 
Purity Iron. Journal of Research National Bureau of 
Standards (1942) 29, pp. 643-667. 

7G. A. Moore: Preparation of Metallic Iron of High 
Purity. Trans. AIME (1953) 197, pp. 1443-1449; JourNnaL 
oF Metats (November 1953). 


Table Ill. Metallic Impurities in High Purity Iron from Several Sources 


Vacuum* National; Iron Purified in this Work 
Metals Corp. Physical Electro- 
Iron, Laboratory lytict Ingot A9855, Ingot B254, 
Impurity Ferrovac E Iron Iron First Batch Second Batch 
Aluminum 0.001 max 0.002 or less 0.002 pest Stee 
i 0.0005 max —_ Nil 0.005 <0.001 
(not detected) 
Boaiam (not detected) (not detected) 
— <0.0005 <0.0005 
Cadmium — <0.005 0.005 
(not detected) (not detected) 
Chromium 0.001 max 0.002 or less 0.002 0.0005 0.001 
Cobalt 0.001 max — 0.007 0.002 0.004 
Copper 0.001 max 0.007 or less 0.008 0.005 0.0008 
Gallium 0.005 0.005 
(not detected) (not detected) 
-001 max _ Nil .005 0.0001 
Manganese 0.001 max 0.008 or less 0.002 0.0008 0.0004 
Mercury — Nil = 
Molybdenum — — 0.002 0.001 0.001 
Nickel 0.015 max 0.007 or less 0.008 0.001 0.002 
Phosphorus 0.001 max 0.001 or less 0.005 0.0016 0.0007 
Silicon 0.01 max 0.010 or less 0.005 0.001 0.001 
Tin f 0.001 max — 0.005 0.001 0.0005 
Tungsten 0.001 0.001 
: (not detected) (not detected) 
Vanadium — _ 0.003 0.00 0.000 


* The analyses are from a technical data sheet of the Vacuum Metals Corp., undated, but distributed in December 1953. 


+ The analyses are from ref. 3 
t Typical analysis, according 


to the vendor, Plastic Metals Div., National Radiator Co., data dated Jan. 16, 1953. 
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A Thermodynamic Study 


Fuming of Zinc from Lead Blast Furnace Slag 


by R. C. Bell, G. H. Turner, and E. Peters 


Zinc oxide activities in a typical lead blast furnace slag have been calculated 
from plant operating data. These activities were used to assess the probable effect 
of fuel composition, oxygen enrichment, and air preheating on the efficiency and 


capacity of the slag-fuming operation. 


HE physical chemistry of zinc fuming has been 

examined with three objectives in mind: 1—to 
predict conditions favorable to increasing furnace 
capacity, 2—to predict the changes required to 
fume zine more economically, and 3—to explain re- 
ported differences in the efficiencies of various slag- 
fuming plants. 

This study, made at Trail in the plants and lab- 
oratories of The Consolidated Mining and Smelting 
Co. of Canada Ltd., developed from a program 
undertaken some three years ago on behalf of the 
AIME Extractive Metallurgy Div. subcommittee on 
slag fuming. 

Lead metallurgists first became interested in the 
recovery of zinc from lead blast furnace slags in 
1905 and 1906. An excellent review of the early 
experimental work has been made by Courtney,’ 
who described blast furnace, reverberatory furnace, 
and converter methods of fuming zinc from slag. 
Some of the investigators did not appreciate the 
importance of reducing the zinc oxide content of the 
slag to metal in order to fume it, since they tried 
compressed air blast without fuel in their earliest 
attempts. However, by 1908, the importance of re- 
ducing the zine was established.* In 1925, the Waelz 
process for the recovery of zine oxide from oxidized 
zine ores was developed in Germany.’ This process 
was not readily adaptable to lead blast furnace slags 
because of the difficulty in handling fusible charges 
in a kiln. What appears to have been the first slag- 
fuming operation as it is known was commenced by 
the Anaconda Copper Mining Co. at East Helena, 
Mont. in 1927.’ The first Trail furnace was completed 
in 1930, and this was followed by the construction 
of several other slag-fuming plants. 

During the period in which slag fuming has been 
extensively employed, little development of the 
chemistry of this process as a whole has taken place. 
Several good papers on the petrography of lead 
blast furnace slags have been published,” but these 
studies could do little more than establish the forms 
in which lead and zinc occur in the initial charge 
and final products of the slag-fuming operation. In 
recent years, zinc-smelting problems have been ap- 
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proached trom a thermodynamic point of view. 
Maier has published an excellent thermodynamic 
treatment of zinc smelting.’ The important thermo- 
dynamic properties of zinc and its compounds have 
been determined and checked by other investiga- 
tors.” However, to the best of the authors’ knowl- 
edge, no thermodynamic treatment of the fuming of 
zine from slag has been published. 

A thermodynamic study of any process requires 
that the essential chemistry of that process be 
known. In slag fuming there appear to be some 
differences of opinion as to whether the active re- 
ducing agent is elemental carbon or carbon monox- 
ide. Furthermore, some observers have noted that 
high volatile coals appear to be more efficient than 
lew volatile coals, indicating that hydrogen is also 
an important factor in the reducing efficiency of a 
fuel. That both hydrogen and carbon monoxide are 
effective reducing agents for the zinc oxide content 
of lead blast furnace slags can be demonstrated 
readily by introducing these gases into a slag bath 
held in a neutral vessel at 2100°F (1150°C). Elemen- 
tal carbon also will reduce zinc oxide, but it is im- 
probable that much free carbon is available for re- 
duction of zinc, as the reaction between the finely 
powdered coal and air should be largely completed 
before the solid coal particles reach the slag. Some 
large-scale fuming experiments using gaseous hy- 
drocarbons have been carried out by other investi- 
gators, but, as far as is known, these have not been 
developed yet into operating processes. 

The thermodynamic treatment in this paper is 
based on the following reactions: 1—to supply the 
thermal requirements 


C+%0.> CO [1] 
C+ 0,> CO; [2] 
H. + % [3] 
and 2—to reduce ZnO 
ZnO + CO= Zn + CO, [4] 
ZnO + H.= Zn + H,O. 


The furnace-gas composition also is controlled by 
the equilibrium constant of the familiar water-gas 
reaction 

H.O + CO = CO,#+ H,. [6] 


In order for the thermodynamic calculations to 
be quantitatively applicable, it is necessary that the 
chemical reactions to which they are being applied 
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approach equilibrium. In the case being considered, 
it is necessary that the gas mixture leaving the slag 
bath be in equilibrium with the ZnO content of the 
slag. Evidence will be presented that equilibrium 
is attained or approached closely in the standard 
slag-fuming furnace. Elemental carbon reaching 
the slag in the vicinity of the tuyeres will reduce 
zinc by the reaction 


However, if equilibrium is reached by the time the 
gases leave the slag surface, this intermediate re- 
action should be of little importance to the overall 
result. 

In addition to the main reactions involving the 
reduction of the oxidized zinc content of the Fe-Zn- 
Ca silicate slag to zinc metal by carbon monoxide 
and hydrogen, a number of less important reactions 
occur simultaneously. Lead is believed to be largely 
volatilized as the sulphide, and a small amount of 
zinc also may be assumed to leave the slag in this 
form. A variety of minor metals are fumed out also 
but there is little direct evidence of the form in 
which they are removed. It is known, however, that 
most of the minor elements associated with lead 
and zinc have appreciable vapor pressures in the 
temperature range 2100° to 2300°F either as the 
metal or the sulphide. The major components of the 
slag, lime, iron, silica, alumina, and sulphur, are 
known to affect the rate at which zinc is fumed. 

An important feature of the slag-fuming process 
is the use of the fuel both as a source of heat and as 
a chemical reducing agent. Carbon and hydrogen 
compete for oxygen from both zinc oxide and the 
air, reactions 4 and 5 absorbing heat and reactions 
1, 2, and 3 evolving heat. The active reducing agent 
is that part of the CO and H, remaining after the 
heat requirements have been met. If the demands 
upon the heat requirements could be lessened by 
enriching the air blast with oxygen or by preheat- 
ing the air, more CO and H, would be available for 
reduction. The use of oxygen-enriched air at the 
Trail slag-fuming plant a few years ago provided 
some experimental data with which these calcula- 
tions can be compared. 

In summary, the detailed objectives of this study 
are then: 1—to examine the effect of varying the 
C-H ratio of the fuel over a wide range, upon the 
probable efficiency of the process in terms of weight 
of zinc fumed per unit weight of fuel, and also the 
effect upon furnace capacity; and 2—to explore the 
conflicting requirements of using the fuel both as a 
reducing agent and as a source of heat. 


Zinc Oxide Activity in Lead Blast Furnace Slags 

In order to calculate the effect of changes in fuel 
and other process and operational conditions, it was 
necessary to know the equilibrium constants of re- 
actions 4, 5, and 6 in the required temperature range 
and the zinc oxide activities in the slag-composition 
range used in the slag-fuming process. The equilib- 
rium constants were available, but the zinc oxide- 
activity data were not. It was decided to calculate 
zine oxide activities from carefully controlled zinc- 
elimination runs made in the No. 2 slag-fuming 
furnace of the Trail Smelter. The method of treat- 
ing the data follows: 

The process is started with one unit of fuel which 
is defined as the amount of fuel that requires 1 lb 
mol of oxygen (32 lb O.) for complete combustion. 
At this stage, the fuels will be treated as though 
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they contained only carbon and hydrogen. If the 
fuel contains (a) mol of carbon per unit, the hydro- 
gen content will be 2(1—a) mol. Let the coal-air 
mixture be such that the oxygen input is (b) mol, 
and the nitrogen input associated with the oxygen 
is N mol. For air, N/b = 0.79/0.21. This ratio would 
be decreased by enriching the air with oxygen. 

The gas mixture passing through the slag will 
consist essentially of six components, Zn, N., H,, 
H.O, CO, and CO,. The following symbols are used 
to represent the molar quantity of each gas per unit 
ol fuel-at equilibrium: N; = 
H.0 = 2(1—a)—x, CO=y, CO,=a—y, and the 
total= M=2-a+N44z. 

To solve for the unknowns, three equations are 
required. The first equation represents an oxygen 
balance. All the oxygen entering the tuyeres is con- 
verted to H,O, CO, and CO.. In addition, some of 
the oxygen found in these gases originated as ZnO 
in the slag. The oxygen balance is 


2(1—a)—=x 
= 
(a—y) 
which simplifies to 
x+ty+z=2(1—-b). [8] 


A second equation can be obtained from the equi- 
librium of reaction 4 


CO + ZnO = CO, + Zn 
Poog: Pan 


Azo 


where P represents the partial pressure of the gas- 
eous components, Agno the activity of ZnO in the 
slag, and K, the equilibrium constant of this reac- 
tion. To convert the unknowns from the units of 
mol per unit of fuel to partial pressures, the total 
number of mols must be divided by M 


(a—y/M) -z/M 
=> 
y/M *Azno 
Therefore, 
Ao — y) [9] 


y (2—a+-N +z) 


The third equation may be based upon reaction 5 
or 6. The latter was chosen because its equilibrium 
constants were available in the required tempera- 
ture range. 


Puy 


= 


(a—y) x 


The equilibrium constants K, and K, have been 
obtained from published data” * ° and are plotted as 
functions of temperature in Fig. 1. 

Zinc-elimination curves were drawn from anal- 
yses of slag samples taken from the slag-fuming 
furnace at 10 min intervals during the blow. These 
curves were differentiated graphically to obtain in- 
stantaneous zinc-fuming rates from which the value 
of z was calculated. The other unknowns were ob- 
tained by solving the oxygen-balance Eq. 8 and the 
water-gas equilibrium Eq. 10. Using these values, 
the zinc oxide activity was then calculated from 
Eq. 9. This procedure was followed for three blows 
of different-size charges, all having a similar chemi- 
cal composition. Slag charge sizes and compositions 
are shown in Table I. 

The resulting zine oxide activites are shown as a 


[10] 
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Fig. 1—Equilibrium constants as a function of temperature. 
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Fig. 2—The activity of zinc oxide in fuming furnace slag. 


function of zinc concentration in the slag in Fig. 2. 
The assumption that equilibrium is attained in the 
slag-fuming process is supported by these results in 
two ways: 

1—The activity-concentration relationship indi- 
cates saturation of the slag with zinc oxide at 
approximately 17 pet Zn, which coincides with the 
maximum zinc content attainable in Trail lead blast 
furnace slags of the foregoing composition. 

2—The activity curves of the three blows agree 
closely with no indication that the smallest charge 
was below the remaining two in degree of comple- 
tion. If equilibrium were not attained, the resulting 
activity values would have been depressed. In the 
case of the 36 ton charge, the opposite appears to 
have been true. 

All calculations have been made for slags of the 
Trail type, but it is reasonable to expect that varia- 
tions in slag composition will not alter the general 
nature of the activity-concentration relationship. 


Influence of Fuel Composition on Zinc-Fuming Rates 
For a given zinc oxide activity, fuel and air-input 
rate, and temperature, the equilibrium amounts of 
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Table I. Data on Experimental Slag-Fuming Runs 


Approxi- 
mate 
Charge, Depth of 
Tons Slag,In. Pb Zn CaO SiOz Fe 
36 20 1.9 15.2 9.0 22 6.4 
53 30 1.8 14.3 9.0 22.6 6.0 28.7 
64 40 1.8 16.2 9.0 20. 5.1 


zinc, carbon monoxide, and hydrogen in the gas 
phase may be calculated by simultaneous solution 
of the Eqs. 8, 9, and 10. The nitrogen in the mixture 
is obtainable from the air-blast rate, and the carbon 
dioxide and water concentrations follow from a C-H 
material balance. The gas composition was deter- 
mined for a range of fuel-air ratios corresponding 
with combustions of 50 to 100 pct. The percentage of 
combustion is a measure of the amount of oxygen 
supplied per unit of fuel, 100 pct combustion indi- 
cating that a stoichiometric amount of oxygen is 
provided for complete combustion of the fuel to car- 
bon dioxide and water. 

No actual experimental data are available with 
which to compare these calculated gas compositions. 
It is planned to make such measurements in the 
Trail furnace when the opportunity arises. 

Calculations were made for initial and final con- 
ditions in the furnace operation, i.e., for zinc oxide 
activities of 1.00 to 0.04 (representing 17 and 2 pct 
Zn in the slag, respectively, as seen in Fig. 2) for a 
variety of fuels, fuel-air ratios, and blast-air con- 
ditions. The temperatures 2090° and 2200°F were 
chosen as the initial and final slag temperatures in 
accordance with typical operation of the No. 2 fum- 
ing furnace at Trail. 

Heat Balance for the Fuming Operation: A most 
important consideration is to ensure that sufficient 
heat be available to maintain the fuming-furnace 
charge within the above temperature range. A heat 
balance incorporating the heats of the exothermic 
combustion reactions and the endothermic zinc 
oxide-reduction reactions, as well as the latent and 
sensible heats of the components of the equilibrium 
gas mixture, was used for calculating the heat re- 
quirements to provide for furnace-heat losses. These 
requirements, which include radiation losses and heat 
given up to cooling water, were obtained for a num- 
ber of hypothetical fuels containing carbon and hy- 
drogen in varying proportion. Fig. 3 shows the 
relationship between this excess reaction heat and 
the percentage of combustion of two such fuels, 
whose compositions are representative of a medium 
volatile coal and natural gas (methane). Practical 
heating values have been used, rather than the heats 
of combustion of carbon and hydrogen in their 
standard states, for preparing these curves. 

The excess heat available to provide for furnace 
losses at the beginning and end of a blow was calcu- 
lated to be about 18,900 and 30,960 Btu, respectively, 
which values are shown as horizontal lines in Fig. 3. 
The main reason for the difference in these values is 
the decreasing heat requirements of the endothermic 
zine oxide-reduction reactions as the blow proceeds. 
The difference goes into raising the temperature of 
the slag bath and in meeting the consequently 
higher heat losses. Since these requirements must 
be met to control the slag temperature within the 
operating range, the intersection of the excess heat 
lines with the constant heat lines determines the 
percentage of combustion at which the furnace must 
operate, for a specific fuel and grade of blast air. For 
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each set of fuel conditions, a percentage of combus- 
tion can be chosen to satisfy the heat requirements. 

The calculated excess heats, as given previously, 
agree very closely with actual measured heat losses 
to the cooling water for the Trail furnace. 

If auxiliary heat is supplied, the constant heat 
lines can be set at a correspondingly lower level, 
permitting operation at a lower percentage of com- 
bustion. This permits a higher zinc-elimination rate, 
as can be seen from Fig. 4. 

Zine Elimination Curves: The zinc-fuming rate 
for any fuel and air-input rate and any zinc oxide 


activity may be calculated by solving Eqs. 8, 9, and’ 


10, as has been described. Fig. 4, obtained for the 
same conditions as used in preparing Fig. 3, shows 
the rates of zinc elimination at the beginning and 
end of a blow for a medium volatile coal and pure 
methane. 

In order to integrate the initial and final fuming 
rates into an elimination curve giving the fuming 
rates throughout the blow, a standard formula was 
chosen 

logy. (pet Zn) = A — Bt —Ct?’ 


where (pct Zn) is the percentage of zinc in the slag 
at time t, and A, B, and C are constants fixed by the 
initial zinc concentration and the terminal rates of 
fuming. 

The best test for the usefulness of this procedure 
is a comparison of the elimination curves obtained 
by these calculations and curves obtained from plant 
data. Such a comparison is made in the logarithmic 
plots of Fig. 5. Excellent agreement between the 
curves is noted throughout most of the fuming oper- 
ation. The small deviation towards the end of the 
blow can be attributed to slight differences in the 
conditions of the theoretical and experimental blows. 

Effect of Hydrogen Content of the Fuel: Although 
coal is being used in all regular zinc-fuming fur- 
naces, the use of other fuels, particularly natural 
gas, has been considered for this process. Calculations 
have been made for a range of fuels from pure car- 
bon to hydrogen, including low and high volatile 
coals, fuel oil, and natural gas. For the sake of 
simplicity, fuels have been considered only in terms 
of their hydrogen and carbon contents. The zinc- 
elimination curves for certain fuels are shown in 
Fig. 6. 
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Fig. 3—Excess reaction heats for medium volatile coal and 
natural gas (methane). 
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These curves show that zinc-fuming rates increase 
with increasing hydrogen content of the fuel. Even a 
change from a medium volatile to a high volatile 
coal will offer some improvement, in agreement with 
some reported observations. 


Separation of the Heating and Reducing Functions 

of the Fuel-Air Mixture 

In conventional zinc fuming, the heat producing 
and zinc-reducing functions are both fulfilled at the 
same time. These functions could be partially sepa- 
rated by burning one bank of tuyeres at a higher 
percentage of combustion than normal and another 
bank at a lower percentage of combustion. The aver- 
age of the two banks of tuyeres then would be at 
the equivalent of normal operation. 

This situation will result in nearly the same excess 
reaction heat, since excess reaction heats are almost 
a linear function of the percentage of combustion 
as indicated in Fig. 3. However, the zinc-elimination 
rate will be increased. The average of the two oper- 
ations will lie on a chord drawn through the curves 
in Fig. 4 combining the two sets of conditions, and 
this chord lies distinctly above the main part of the 
curve in the case of coal. The actual zinc-elimination 
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Fig. 4—Zinc-production rates for medium volatile coal and 
natural gas (methane). 
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Fig. 5—Comparison of theoretically determined and experi- 
mental zinc-elimination curves. 
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curve was calculated for conditions of 55 and 95 pct 
combustion of medium volatile coal at the tuyeres 
and is compared with a calculated curve represent- 
ing uniform operation at 75 pct combustion in Fig. 7. 


Effect of Reducing Thermal Requirements 
of the Furnace on Zinc-Fuming Rates 

Two methods have been used for increasing the 
effective heat output of an operation such as the one 
being considered: 1—oxygen enrichment and 2— 
preheating of the blast air. Both of these methods 
have been examined in this study. 

Oxygen Enrichment: The effect of oxygen enrich- 
ment is to allow a substantial increase in fuel input 
without increasing the burden of inert nitrogen 
entering the furnace. A lower percentage of com- 
bustion then may be attained with a corresponding 
increase in the concentration of zinc in the furnace 
gases. The authors’ calculations were carried out for 
the enrichment of a 17,000 cfm blast-air stream with 
1,000 cfm O, raising the oxygen content of the total 
to 25.6 pct. The use of oxygen-enriched air in slag 
fuming at the Trail Smelter was reported several 
years ago.” The increase in fuming rate predicted by 
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Fig. 6—Comparison of theoretical zinc-elimination curves for 
various fuels. 
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Fig. 7—Effect of separating the heating and reducing func- 
tions of the coal-air mixtures. 


476—JOURNAL OF METALS, MARCH 1955 


Table II. Calculated Increases in Zinc-Fuming Rates by Various 
Process Changes: Slag Charge, 50 Tons; Zn Recovery, 90 Pct; 
Air Blast, 17,000 Cfm 


Fuel 

Approxi- (Con- 
mate sump- 
Increase in tion), 


Fuming Ca- Lb/Lb 


Method Conditions pacity, Pct Zn 
Carbon Normal —15 1.4 
Medium volatile coal Normal 0 1.6 
High volatile coal Normal 10 1215) 
Heavy fuel oil Normal 20 0.95 
Natural gas (CH4) Normal 37 0.79 
Hydrogen Normal 100 0.25 
Oxygen-enriched blast Medium volatile coal 
25.6 pet Oz in blast air 60 1.27 
Preheated blast Medium volatile coal 
blast air at 1000°F 80 0.95 
Separation of heating Gas stream alternating 
and reducing func- between 55 and 95 
tions pct combustion 35 1.2 


the present calculations, shown in Fig. 8, agrees well 
with that observed in the plant trials. 

Preheating the Blast Air: The calculated effects of 
preheating the blast air to 1,000°F are also shown in 
Fig. 8. Similar to the treatment used for oxygen 
enrichment, any addition of external heat will allow 
a decrease in the percentage of combustion, obtained 
in this case by increasing the fuel fed to the furnace. 

Discussion 

The authors’ calculations, results of which are 
summarized in Table II, indicate the possibility of 
substantial improvements in slag-fuming furnace 
performance. Combining several of the suggested 
methods of increasing the capacity or fuel efficiency 
should yield a combined increase in zinc-fuming 
rates, which could be calculated by the method out- 
lined. However, this can only be achieved in prac- 
tice if chemical equilibrium is maintained in the 
reaction system. 

These calculations can account, in part, for the 
variations in slag-fuming efficiency known to exist 
among the slag-fuming furnaces now in operation. 
The predicted improvement in slag-fuming rate by 
oxygen enrichment is in agreement with that ob- 
served in practice. It is known that some attempts to 
use gaseous fuels in slag fuming have been made and 
that resuits have not been encouraging. One factor 
which may affect the use of gaseous fuels in the con- 
ventional furnace is the ability of the reaction to 
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Fig. 8—Theoretical zinc-elimination curves for 
oxygen-enriched, and preheated blast’ conditions. 
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reach equilibrium. Some metallurgists feel that 
solid carbon particles are essential to the rapid 
fuming of zinc from slag, if for no other reason than 
to maintain a very large area of contact between re- 
ducing gas and slag. Such a condition will favor, in 
effect, the attainment of equilibrium in the slag bath. 

It is hoped that the methods described in this re- 
port may be of use to others interested in estimating 
the probable results of contemplated changes in the 
slag-fuming process. 


Discussion of this paper, if any, will appear in 
JOURNAL OF METALS, November 1955, and in AIME 
Metals Branch Transactions, Vol. 203, 1955. 
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Solubility of Oxygen in Liquid Nickel and Fe-Ni Alloys 


by Henry A. Wriedt and John Chipman 


URING the past twenty years, a considerable 

background of knowledge has been built up on 
the chemical behavior of oxygen in liquid iron. Little 
is known regarding oxygen in liquid nickel or the 
effect of nickel as an alloying element on the be- 
havior of oxygen in liquid steel. 

The solubility of oxygen in liquid iron was de- 
termined by Fetters and Chipman* and, more pre- 
cisely, by Taylor and Chipman.’ The Ni-NiO eutectic 
was placed by Merica and Waltenberg® * at 1438°C 
and 0.24 pct O, and this point has been confirmed by 
others.” ° It was reported by von Bohlen und Halbach 
and Leitgebel’ that nickel and its oxide are miscible 
in all proportions at 1600°C, but this report is dis- 
credited by observations of others. The melting point 
of NiO according to von Wartenberg and Reusch’ is 
1990°C. Approximate values of oxygen solubility at 
several temperatures were reported by Hensel and 
Scott.? The data of Krupowski and Balicki® are in- 
consistent with those of Hensel and Scott and indi- 
cate a solubility less than half that found in the 
present study. 

For oxygen solubility in Fe-Ni alloys under pure 
iron oxide-nickel oxide slags, only the scattered data 
of von Bohlen und Halbach and Leitgebel' are avail- 
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able. The careful work of Bardenheuer and Brauns” 
involved silica-saturated slags. The equilibrium be- 
tween Fe-Ni alloys and iron oxide-nickel oxide slags 
was studied by zur Strassen” and by Jander and 
Senf,” but no oxygen analyses were reported. 


Oxygen in Pure Nickel 

Apparatus and Method: Samples were taken with 
a “Taylor sampler” from a bath of molten electrolytic 
nickel held under an air atmosphere in a magnesia- 
lined 30 lb induction furnace. Saturation of the melt 
with oxygen was effected partly by the addition of 
chemically pure black nickel oxide and partly by 
the air atmosphere. Samples were taken only when 
there was a clearly visible oxide phase present. To 
avoid contamination of this oxide phase, the silica- 
sheathed Pt—Pt-10 pct Rh thermocouples, by means 
of which temperatures were measured, were im- 
mersed in the melt for the minimum time consistent 
with accurate reading. Samples and temperature 
readings were taken only after the furnace had been 


Table I. Oxygen Solubility in Liquid Nickel 


Oxygen Analysis 


Sample 

No. Temperature, °C Wt Pct Mol Pet 
S-1 1622 0.878 3.14 
S-3 1641 0.778 2.79 
s-5 1560 0.562 2.03 
S-6 1527 0.468 1.70 
S-7 1550 0.628 2.26 
S-8 1545 0.533 1.93 
s-9 1691 1.63 5.73 

SS-1 1450 0.294 1.07 

SS-2 1501 0.422 1.53 

SS-3 1550 0.649 2.34 
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Fig. 1—Experimental data on oxygen solubility in liquid nickel. 


at a fixed power setting for at least % hr and, m 
many cases, to check the temperature constancy, 
temperature readings were taken both immediately 
before and after the sampling. Samples S1 to S9 of 
Table I were obtained in this way. 

The remaining three data points of Table I were 
obtained from runs in a globar-element vertical tube 
furnace using an argon atmosphere. In each case, 
the oxide in contact with the metal was pure nickel 
oxide. To effect this condition, the metal was held 
in an alumina crucible which had a thick inner lining 
of nickel oxide. The excess nickel oxide was found 
after each run to have sintered and contracted away 
from the alumina shell, except at a few points of 
support, and the metal was held in this sintered cup. 
Each 7 to 10 g sample was held at temperature at 
least 2 hr in the temperature-controlled furnace. The 
Pt—Pt-10 pct Rh thermocouples were located ad- 
jacent to the crucible in the constant temperature 
zone of the furnace. At the end of each run, the melt 
and crucible were quickly quenched in mercury. 

Samples were analyzed for oxygen by a standard 


(0) 1.0 
7 


0.8 


1450° 1500° 15502 1600° 1700? 
T 


=0.5 AA 

IRON VA 
75% Fe 

| A 


LOG PERCENT OXYGEN 


OXYGEN, PERCENT 


22% Fe 


02 


-0.8 


0.15 
Fe 
-0.9 


r 5.6 5.4 5.2 5.0 


10% 


Fig. 2—Solubility of oxygen in liquid nickel, iron, and alloys. 
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Table II. Oxygen Solubility in Alloys (30 Lb Furnace, Magnesia 


Crucible) 
Analysis,* Wt Pct 
Sample 
No. Temperature, °C Fe+ 

SSS-1 1655 22.2 0.210 
SSS-2 1451 48.1 0.097 
SSS-3 1561 48.2 0.158 
Sss-4 1625 48.0 0.196 
SSS-5 1625 48.0 0.213 
SSS-6 1526 75.3 0.166 
SSS-7 1569 75.1 0.202 
SSS-8 1705 75.0 0.302 


* Nitrogen content of all samples was <0.003 pct. 
+ By difference. 


vacuum fusion method. No attempt was made to 
determine the exact compositions of oxide phases in 
equilibrium with melts. 

Results: The data have been plotted as log mol 
fraction oxygen vs reciprocal of absolute tempera- 
ture in Fig. 1. Also included in this plot are the 
eutectic point of the Ni-Ni oxide system, as given by 
Merica and Waltenberg,’ and three points given by 
Hensel and Scott.” 

With the exception of one point of the authors’ 
and two of Hensel and Scott, the data can all be 
fitted by a line given by the expression 


log mol fraction O = —10,270/T + 3.95. 


Expressed in weight percent, this is equivalent to 
log Pet O = —10,270/T + 5.40. 


The heat of solution of solid nickel oxide in liquid 
nickel is +47 keal. 

It will be observed from Fig. 1 that the solubility 
of oxygen is apparently slightly higher in those cases 
where the only oxide phase was pure nickel oxide. 
However, in view of the small difference involved, 
it was felt that separate treatment for the two sets 
of data was hardly justified. The authors’ one point 
which falls markedly low was for a sample taken 
soon after a nickel metal addition to the bath and 
may not represent a saturation point. The reason 
for the large departure from the line by the two 
points of Hensel and Scott may be loss of precipitated 
oxide during cooling or analytical errors inherent in 
the aluminum-deoxidation method of analysis. 


Oxygen in Fe-Ni Alloys 

Apparatus and Method: A melt was made in a 
magnesia-lined, 30 lb inductiun furnace and samples 
were taken with Taylor samplers. The technique was 
similar to that described in the preceding section 
with the following differences: A prepurified nitrogen 
atmosphere was used to avoid uncontrolled atmos- 
pheric oxidation which would have removed iron 
preferentially from the alloys. Ferric oxide was used 
as a source of oxygen. Electrolytic iron additions 
were made during the run to obtain three different 
alloy compositions, viz., 22.2, 48.1, and 75.1 pct Fe. 

Several slag samples were obtained from baths 
containing 48 and 75 pct Fe. These were found to 
contain 90 to 92 pet FeO (based on total iron), 1 to 
2 pet SiO., 2 to 4 pet MgO, and 0.4 to 1.2 pct NiO. 

With this furnace arrangement it was found dif- 
ficult to set the melt temperature exactly at the de- 
sired value of 1594°C. Therefore, samples were taken 
at three arbitrary temperatures for the 48.1 and 75.1 
pet Fe alloys and the desired saturation limits at 
1594°C were interpolated from the results of these. 
The data are given in Table II. « 
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Fig. 3—Solubility of oxygen in Fe-Ni alloys at 1594°C. 


A number of points were obtained directly at 
1594°C using an apparatus which had been used for 
studies of gas-metal equilibria. A charge of 35 g 
of metal, heated by induction, was held in the fur- 
nace chamber under an atmosphere of argon. Oxygen 
in excess of the quantity required for saturation was 
supplied as iron oxide or by introduction of water 
vapor-hydrogen mixtures having oxygen activities 
greater than those of the respective oxygen-saturated 
alloys. The temperature of the melt was measured 
by means of an optical pyrometer sighted on the 
metal surface through a prism and window in the 
furnace head. The charge, the temperature of which 
.was set by manual control of the power unit, was 
quenched by a blast of cold helium at the conclusion 
of a run. Runs were made in this apparatus using 
both magnesia and alumina crucibles. The data are 
shown in Table III. 

Results: The data from the 30 lb magnesia-lined 
induction furnace (Table II) are plotted as log wt 
pet O vs reciprocal of absolute temperature in Fig. 2. 
The solubility in pure nickel and the line determined 
for pure iron by Taylor and Chipman’ are shown for 
comparison. 

The experimental data at 48.1 pct Fe appear quite 
reasonable, indicating a heat of solution of the oxide 
of +28 kcal in good agreement with 28.9 kcal for 
pure iron. The data for 75.1 pct Fe are less satisfac- 
tory. A line of best fit for these three points would 
indicate a markedly lower heat of solution for the 
oxide than those established in the cases of pure iron 
and 48.1 pct Fe. Since there is no reason to believe 
that such an anomaly exists, a line has been drawn 
in Fig. 2 whose slope is the same as that for the pure 
iron line but whose position was fixed from equal 
weighting of the data points. 

The interpolated solubility points at 1594°C from 
the previous data, together with a point calculated 
for 22.2 pct Fe using a heat of solution of +28 kcal 
and the datum point at 1655°C, are plotted in Fig. 3 
together with the data points obtained from those 
runs made in the 35 g induction furnace using mag- 
nesia crucibles. Taylor and Chipman’s point for pure 


Table III. Solubility of Oxygen in Fe-Ni Alloys at 1594°C 


Crucible Atmosphere Fe, Wt Pct oO, Wt Pct 
AlsOz Argon 50.5 0.148 
AlsOz 4.81 0.167 
AlsOz H:O-He 4.83 0.148 
AlsOz H:O-He 4.87 0.142 
AlsOz H20-He 10.07 0.122 
AlsOz H2O-H2 25.6 0.114 
AlsO3 H:2O-He 74.9 0.171 
MgO Argon 4.97 0.174 
MgO Argon 5.0. 0.160 
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Solubility, Wt Pct O 


Temperature, °C Ni 20 Pct Fe 50 Pct Fe Fe 
1450 0.28 — 0.10 — 
1500 0.40 0.12 
1550 0.58 0.13 0.15 0.18 
1600 0.82 0.16 0.19 0.23 
1650 115 0.20 0.23 0.28 
1700 1.59 —_— — 0.34 


iron and the authors’ point for pure nickel are shown. 
The section of the curve below 5 pct Fe is quite un- 
certain and, although drawn as a continuous dotted 
line, should exhibit a discontinuity at the point of 
three-phase equilibrium where liquid metal, liquid 
oxide, and solid oxide coexist. Experiments were 
not conducted to establish the position of this dis- 
continuity, on the high nickel side of which the oxide 
is solid. 

The data for solubility of oxygen in the presence 
of alumina are plotted also in Fig. 3 and, as would 
be expected, the curve drawn through these points 
lies lower than the magnesia line. This curve must 
be regarded as only approximate, particularly in the 
region below 10 pct Fe. The nature of the alumina- 
iron oxide phase was not determined. 

A line representing the data of Bardenheuer and 


~ Brauns in silica crucibles under silica-saturated slags 


is included for comparison. It is evident from the 
position of this line that the activity of oxygen in 
the silica-saturated slags is less than that in the 
nearly pure oxides of the magnesia crucible by a 
substantially constant factor. The alumina-saturated 
slags are intermediate. 

Table IV gives a summary of the data interpolated 
to even temperatures and concentrations. 
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Technical Note 


Elastic and Plastic Strains and Watt Losses in Grain-Oriented 3 Pct Si-Fe 


by Peter W. Neurath and Robert E. Waite 


NFORMATION is available on the effect of stress 

on permeability, coercive force, and hysteresis for 
a variety of materials’ but for the technically impor- 
tant grain-oriented 3 pct Si-Fe’ the stress effects are 
not adequately covered in the literature; in addition, 
most of the stress data do not permit estimation of 
what would happen to the 60 cycle watt losses of 
the material under stress, Direct measurement of 
these effects therefore has been made and appears 
to be of considerable theoretical as well as practical 
interest. Losses were measured on the central 25 cm 
portion of 40x3x0.035 cm samples which could be 
stressed in a small tensile machine built for this 
purpose. Under tension the following effects, illus- 
trated in the figures by a particular example, were 
observed: 

1—“Unstrained” material of commercially ac- 
ceptable loss level shows no change or a small in- 
crease in loss at low elastic stresses. For the sample 
shown in the figures, this is illustrated during the 
initial run, where a 7 pct increase is observed 
(Fig. 1). 

2—There is no additional change in loss when the 
sample is further strained up to the elastic limit 
(Fig. 1). Within that limit the loss-stress curve is 
reversible. This is not illustrated in Fig. 1. 

3—Even in the plastic range only small increases 
in loss are observed as long as the sample is kept 


under stress (Fig. 2, point N); often no increase can 
be observed (Fig. 1). 

4—A large increase in watt losses is observed after 
removal of the stress subsequent to plastic deforma- 
tion (Figs. 1 and 2). 

5—All, or nearly all, of the foregoing increase in 
loss due to plastic deformation can be eliminated by 
a reapplication of tensile stress but returns upon re- 
moval of this stress. This is illustrated in the third 
run (Fig. 3). This run remains within the elastic 
limit and shows the reversibility of the stress-loss 
curve under this condition. 

These findings have been confirmed on large sam- 
ples (approximately 200x10x0.035 cm and larger) 
except that under 1 no initial increase in loss was 
ever observed on these. The accuracy of the watt 
loss measurements is of the order of 1 pct. 

Neither bending of the sample in the tensioning 
device nor a redistribution of flux along the width 
of the sample accounts for these results. They there- 
fore must be explained on the basis of either a 
change in the domain configuration due to stress or a 
change in the domain wall mobility. 
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Fig. 1—Change of 60 cycle watt loss of 
grain-oriented 3 pct Si-Fe under tension. 
Losses were measured at a peak flux density 
of 15,500 gauss. The initially strain free 
sample (A) was stressed beyond the yield 
point (B) and, after complete release of the 
tension, had increased in losses (C). 
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Fig. 2—A second run on the same sample as 
in Fig. 1. At the maximum stress N, Neu- 
mann bands could be heard to form. The 
initial point C’ is identical with C of Fig. 1. 


16 20 24 28109 0 12) 16 


TENSILE STRESS (KILOGRAM /METER®) TENSILE STRESS (KILOGRAM/METER?) 


Fig. 3—A third run on the same sample as 
shown in Figs. 1 and 2. This run remained 
within the elastic limit. Its initial point D’ 
is identical with D of Fig. 2. 
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Electrical Conduction in Molten Cu-Fe Sulphide Mattes 


by G. M. Pound, G. Derge, and G. Osuch 


Using a new alternating-current potentiometer circuit and a specially designed four- 
terminal cell, the specific conductance of molten Cu.S-FeS mattes was measured as a 
function of temperature, from the liquidus to 1500°C, over the complete range of composi- 
tion. The high conductivities, about 1500 ohm=! cm=! for FeS and 100 ohm-! cm-! for Cu.S, 
indicate that the conduction is electronic rather than ionic. Molten FeS has a negative 
temperature coefficient of specific conductance, resembling metallic conduction. Molten 
CusS has a positive temperature coefficient, resembling semiconduction. The binary 
roughly follows an additive rule of mixtures with respect to both magnitude and temper- 
ature coefficient of specific conductance. Metallic bonding in the liquid is postulated to 


explain these phenomena. 


M UCH has been learned in the past about the 
nature of liquids and the ionic or molecular 
species in solution by means of electrical measure- 
ments. Thus, dielectric constants’ * have given in- 
formation about molecular liquids such as water and 
benzene. Measurements of dielectric constant usually 
are impossible in electrically conducting liquids, 
such as aqueous solutions of ionic salts and molten 
ionic salts. However, measurements of electrical 
conductance and ionic transference have provided 
much knowledge about the latter systems.** 

In recent years, the ionic nature of certain molten 
metallurgical slags has been established by Derge 
and Martin’ through electrical conductance and elec- 
trolysis measurements. Chipman, Inouye, and Tom- 
linson® have studied the electrical conductance of 
molten FeO and report a high specific conductance 
of about 200 ohm™* cm™* (compared with 4 ohm™ 
em” for an ordinary ionic liquid such as molten 
NaCl) and a positive temperature coefficient of con- 
ductance. They interpret these results in terms of 
p-type semiconduction by analogy to the situation 
in solid FeO. Simnad and Derge” have studied cell 
efficiency in the electrolysis of molten FeO-SiO, sys- 
tems and conclude that ordinary ionic conductance 
increases with SiO, content. 

Very recently, interest has been revived in the 
electrical conductance of liquid metals and liquid 
metallic solutions. Scala and Robertson” report a 
close resemblance between the liquid and _ solid 
states with respect to thermal, structural, and com- 
positional relationships. 


G. M. POUND, G. DERGE, Members AIME, and G. OSUCH are 
Assistant Professor, Dept. of Metallurgical Engineering, Jones & 
Laughlin Professor of Metallurgical Engineering, and Research 
Assistant, Metals Research Laboratory, respectively, Carnegie In- 
stitute of Technology, Pittsburgh. 

Discussion of this paper, TP 3912D, may be sent, 2 copies, to 
AIME by May 1, 1955. Manuscript, Jan. 22, 1954. Chicago Meet- 
‘ing, February 1955. 
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Molten sulphides have not received a great deal 
of attention. Bornemann and von Rauschenplat™” 
measured the specific conductance of molten Cu.S 
as a function of temperature with a four-terminal 
cell using direct current. A high specific conductance 
and a positive temperature coefficient were found in 
that investigation.” Using a two-electrode apparatus, 
Savelsberg” electrolyzed various molten sulphide 
mixtures. He concluded that pure molten Cu.S and 
FeS were electronic conductors but that the mix- 
tures exhibited some ionic conduction. 

In the present investigation, the specific conduct- 
ance of the industrially important Cu-Fe sulphide 
mattes was measured as a function of temperature 
and composition in order to investigate the mode of 
electrical conduction and the structure of these mol- 
ten mattes. An alternating-current circuit was used 
to eliminate the effect of any possible electrode reac- 
tions. 

Apparatus 

The Conductance Cell: Due to the high specific 
conductance of the systems studied (10° to 10° ohm™~ 
cm”), the classical two-terminal cell and Wheat- 
stone bridge apparatus could not be used. A four- 
terminal cell was developed in order to eliminate 
lead resistance, and an ac potentiometer circuit was 
designed to give rapid and sufficiently accurate 
measurements of the cell resistance. A diagram of 
the conductivity cell is given in Fig. 1. The molten 
matte is contained in a dense alundum crucible, and 
spectrographic graphite rods that dip into the mol- 
ten matte serve as the four conductance terminals. 
Two of the graphite rods on opposite sides of the 
cell serve as current-carrying leads, and the other 
two graphite rods are null-current probes that de- 
tect the potential drop across the cell. These graph- 
ite rods are contained in silica tubes, and the lower 
constricted portions of the two silica tubes define the 
column of liquid whose electrical resistance is being 
measured. The electrical resistance of the broad ex- 
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Fig. 1—Matte conductivity cell. 


panse of liquid between the open ends of the two 
silica tubes is, of course, negligible relative to the 
resistance encountered in the narrow silica tubes. 

As shown in Fig. 2, the graphite current lead and 
the graphite current probe in each silica tube are 
kept separate by encasing the current lead in a small 
silica protection tube which is open at top and bot- 
tom. This protection tube is sealed to the inside of 
the larger silica tube. Slight indentations near the 
bottom of the protection tube and the larger silica 
tube prevent either graphite rod from sliding below 
the end of the protection tube. This gives a constant 
measurement, regardless of any small displacements 
of the electrodes, because the geometry of the cell is 
now determined completely by the silica tubing 
alone. Due to the very low coefficient of thermal 
expansion of silica, the cell constant is essentially 
independent of temperature. 

Dense alundum and silica served as excellent 
nonconducting refractories. Graphite proved to be 
unique as a good conducting refractory for the 
highly corrosive molten sulphides. However, the 
graphite rods had to extend to the cool zone of the 
furnace before wire leads could be attached to them 
because the carbon formed low melting alloys with 
any wires contacting it in the hot zone of the fur- 
nace. 

Heating was accomplished by an induction fur- 
nace with a carbon liner, and temperature was 
measured with a calibrated Pt — Pt-10 pct Rh 


Table 1. Composition of Typical Matte Before and After 
5 Hr Experiment 


Initial Final 
Wt Pct Wt Pct 
Cu 39.9 39.9 
40.0 40.0 
Fe 32.5 32.1 
Ss 27.5* (24.4 actuai analysis) 27.9* (22.6 actual analysis) 
100.0 100.0 


* Sulphur obtained by difference. 
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thermocouple which was shielded from the molten 
matte by an alundum protection tube. The cell was 
kept in a helium atmosphere to prevent oxidation of 
the molten sulphide. 

The Cireuit: A diagram of the ac potentiometer 
circuit for measuring the resistance of the conduct- 
ance cell is given in Fig. 3. Approximately 120 v 
single-phase ac current is stabilized to 117 v by a 
Raytheon voltage regulator which supplies power to 
the Jackson audio-oscillator, the amplifier, and the 
oscillograph. The signal from the variable fre- 
quency audio-oscillator, which is usually about 0.2 
amp at 2 v, is amplified to about 2 amp at 1.5 v in 
the power amplifier. The current then passes in 
series through a standard noninductive resistance 
and the conductance cell. The potential drops, V, 
across the standard resistance and across the con- 
ductance cell are measured in arbitrary units on the 
vertical sweep of the oscillograph. The resistance of 
the cell is computed from 


R, and R,, should be of the same order of magnitude 
to obtain the best precision. 

In order to avoid inductance, capacitance, and an- 
tenna effects, all wires carrying high frequency cur- 
rent must be shielded carefully, and the circuit must 
be grounded as shown in Fig. 3. The oscillograph is 
more suitable for this work than a vacuum-tube 
voltmeter, because it can detect experimental diffi- 
culties by showing the wave form of the current 
when it is on horizontal gain. If a pure sine wave is 
not obtained, it means that some of the graphite 
electrodes are not contacting the molten matte or 
that there is an antenna effect. 


Experimental Procedure 


General: The conductance cell was calibrated at 
room temperature -with a standard sulphuric-acid 
solution of maximum density (1.223 g per cc or 3.70 
molar) whose specific conductance is 0.8135 ohm” 
cm” at 24°C. The standard noninductive resistance 
used in these calibrations was 700 ohms. The cell 
constant k, is related to the specific conductance of 
the acid o, and the resistance R.,. of the cell contain- 
ing the acid by k, = o, R,.., and a typical value for 
the cells used was about 100 cm™. This constant is 
thought to be essentially unchanged at the high 
temperatures of operation because of the very low 
coefficient of thermal expansion of silica (see previ- 
ous section on apparatus). 

Chemically pure Cu.S powder and commercial- 
grade FeS lumps were weighed out and prefused 
under a helium atmosphere in a graphite crucible. 
Of course, a certain small amount of desulphuriza- 
tion will result, as discussed in the section on con- 
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trols. This departure from stoichiometric conditions 
means that the system must be considered as at 
least a ternary. The resulting solid was broken up 
into lumps to be charged to the alundum crucible of 
the conductance cell. This procedure was necessary 
to insure complete filling of the cell crucible and 
knowledge of the charge composition. The matte 
was analyzed chemically for Cu, Fe, and S before 
and after the conductance experiments. 

The alundum crucible, charged with lumps of the 
matte, was introduced into the induction furnace 
and the matte was fused in a helium atmosphere. As 
soon as melting was completed, usually at about 
1100°C, the silica-tube assembly containing the 
graphite electrodes was lowered into the molten 
matte, and the measurements of cell resistance as a 
function of temperature were carried out as dis- 
cussed in the description of the circuit. The specific 
conductance was computed from the formula o = 
k./R.. 

On either heating or cooling, temperature change 
was sufficiently slow that the measurements (re- 
quiring about 20 sec) could be made before there 
was a perceptible change in the thermocouple read- 
ing (not more than 5°C). The specific conductance 
could not be followed below the solidus temperature 
in this apparatus because the silica tubes and cruci- 
ble were always crushed by solidification. 

Controls: Desulphurization of the molten mattes 
was not rapid, less than 10 pct in 5 hr at tempera- 
ture as shown by the typical analyses given in Table 
I. The specimens were analyzed for copper by the 
standard iodimetric technique and iron analyses 
were obtained by volumetric dichromate titration. 
Sulphur analyses were carried out by the “evolu- 
tion” method in which the specimen is treated with 
HCI to evolve H.S which is absorbed by ammoniacal 
ZnSO,. The resulting ZnS suspension is acidified and 
titrated with standard KIO,-KI solution to a blue 
starch end-point. Actually, this method of analysis 
for sulphur would be expected to give low results 
because the powdered specimen does not dissolve 
completely in the HCl. It is estimated that the “‘evo- 
lution”? method gives results that are low by several 
percent. This is shown in Table I which compares 
the actual analyses with the sulphur compositions 
obtained by difference. This estimate seems to be 
borne out by the results of later sulphur analyses by 
the combustion method in which the sulphur is 
burned off as SO, and absorbed in KIO,-KI solution 
in the course of titrating to the starch end point. 
The difference between the initial and final sulphur 
compositions (about 2 pct in the typical example of 
Table I) leads to an estimated desulphurization of 
less than 10 pct in the process of fusion. From the 
ternary phase diagram of Fig. 5, this is about as 
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Fig. 3—Electrical circuit for measuring voltage drop across liquid 
mattes. 
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much desulphurization as could occur (in most spec- 
imens) in the sulphur-rich phase (whose conduc- 
tivity was measured and for which analyses are 
presented).* Further, there was no systematic 


* There sometimes was a small amount of metal-rich phase re- 
maining in the bottom of the alundum crucible. 


change in specific conductance as the experiment 
progressed, indicating that the conductance was not 
strongly dependent on sulphur concentration. 
Nevertheless, this point is being carefully checked 
in a separate research program in which a controlled 
partial pressure of H.S is used to obtain essentially 
constant sulphur activity. It is worthy of note that 
commercial grades of FeS from various sources gave 
substantially the same results. 

It is thought that the concentration of oxygen in 
the fused specimens was not high because they were 
prefused in graphite crucibles under a helium at- 
mosphere. Also, the molten mattes were in contact 
with the graphite electrodes throughout the con- 
ductance measurements. In fact, very careful deter- 
minations of oxygen by hydrogenation showed that 
the oxygen content of the specimens was less than 
0.5 wt pct. 

The results obtained on heating and cooling agreed 
well within the precision of the experiment (+5 
pet), indicating that the measurements were made at 
nearly constant cell temperatures (+5°C). 

Varying the frequency of the current from 400 to 
6000 cycles per sec had no appreciable effect on the 
results. This indicates that there was essentially no 
capacitance, inductance, or polarization in the con- 
ductivity cell. A frequency of 1200 cycles per sec 
was found convenient and was used in most of the 
measurements. Variation of the current from 0.5 to 
2 amp had no effect on the results, again indicating 
the Ohm’s law behavior of the conductivity cell. 


Discussion of Results 


The summarized specific-conductance data for 
molten Cu-Fe sulphide mattes are given in Fig. 4. 
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The solid lines shown here represent the best fit for 
the data on each nominal composition indicated, 
while the dashed lines include all of the experi- 
mental points (about 100 for each composition). 
Each nominal composition included two or more 
separate runs. The spread of data includes all errors 
of temperature, composition, and electrical meas- 
urements. 

In Fig. 4 it is seen that the specific conductance of 
these molten sulphides is much higher than that of 
typical molten ionic salts such as NaCl (o = 4 ohm” 
cm“). This means that simple ionic conduction is 
not the principal mode of electrical conduction in 
the present case.* 


*In a separate publication describing the results of electrolysis 
measurements on molten Cu-Fe sulphides, it will be shown that the 
ionic conductance in these systems must be quite low. 


In this system, molten FeS has the highest specific 
conductance (about 1500 ohm™ cm”), and exhibits 
a small negative temperature coefficient (about 
—0.00017 per °C), resembling metallic conduction.” 
Molten Cu.S has the lowest specific conductance 
(about 100 ohm™~ cm“) and exhibits a small positive 
temperature coefficient (about 0.003 per °C), re- 
sembling semiconduction. Typical chemical analyses 
of these specimens are given in Table II. These data 
for molten Cu.S are essentially in agreement with 
those of Bornemann” but show a somewhat higher 
temperature coefficient. The molten Cu,S-FeS mat- 
tes are seen to follow a roughly additive rule of 
mixtures with respect to both specific conductance 
and temperature coefficient. The breaks in the 
specific conductance curves for mattes of intermedi- 
ate composition are explained by a phase change in 
which the matte (on cooling) separates into metal- 
rich and sulphur-rich liquid phases. It can be seen 
from the phase diagram of Fig. 5% that this would be 
expected to occur after a small amount of desul- 
phurization. 

From these results, it may be concluded that the 
structure of the molten mattes is neither molecular 
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Fig. 5—Liquidus projection of the system Cu-Fe-S. 
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Table Il. Composition of Molten Sulphides after Conductance 
Experiments 


Wt Pct 
Typical FeS Specimen Fe 63.3 
Ss 36.7* (31.7 actual analysis) 
100.0 
Molar ratio, Fe/S 0.99 
Typical Specimen Cu 80.4 
S 19.6* (18.2 actual analysis) 


100.0 
Molar ratio, Cu/S 1.03 


* Sulphur obtained by difference. 


(as typified by benzene, water, etc.) nor simply 
ionic (as typified by molten CuCl, SnCl., etc.). Pos- 
sibly the interatomic bonds in these liquids are of a 
metallic nature. At present, the specific volumes of 
the mattes are being estimated as a function of com- 
position and temperature to permit calculation of 
the molar conductance oy. This molar conductance 
data then will be analyzed to investigate the more 
quantitative aspects of the hypothesized electronic 
conduction mechanism and the apparent semicon- 
duction in the Cu.S-rich mattes.* 


*The results of conductivity experiments on molten Cu2S-CuCl 
and molten Cu-S systems of varying Cu/S ratio will be presented 
in a separate publication. 
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Activities in the Iron Oxide-Silica-Lime System 


by John F. Elliott 


knowledge of the usual metallurgical 

slags indicates that they are, for the most part, 
rather complex in behavior and as yet there is no 
ready means for describing, in a simple manner, 
the behavior of any one of them. One of the best 
known slag systems is the iron oxide-silica-lime 
ternary which is the basic “solvent” in a number of 
important metallurgical refining operations, the 
basic open hearth being one of the most important. 
In this operation, the slag dissolves such compo- 
nents as sulphur, phosphorus, manganese oxide, and 
magnesia. Considerable study of this slag system 
and the behavior of these additions has been carried 
out in the past by a number of authors, as has been 
summarized in several critical reviews.” > However, 
except for determination of the activity of iron ox- 
ide, only a limited amount of effort has been di- 
rected towards developing, from these data, an 
understanding of the general behavior of the basic 
solvent. - 

Reported here are the results from a series of cal- 
culations based on data from the literature which 
permit a semiquantitative evaluation of the activi- 
ties of iron oxide, silica, and lime (plus magnesia) 
in the ternary system at 1600°C. The preliminary 
results, which were reported briefly at a symposium 
held by AIME in 1953,*? have been revised and are 
completed. The steps in the calculation are as fol- 
lows:* 1—establish the activity curves and the 


* The thermodynamic symbols used here are those conventional 
in American texts, i.e., see S. Glasstone.t As examples, a is activ- 
ity, y = a/N or activity coefficient, and the superscript x desig- 
nates an excess quantity (actual minus ideal). All the compositions 
are given as mol fractions. 


curve of the excess molar free energy of mixing at 
1600°C for each of the binary systems, 2—construct 
the activity surface of iron oxide for the ternary 
from the data on the binary systems and informa- 
tion available in the literature for the ternary area, 
3—determine the surface of excess molar free en- 
ergy of mixing for the ternary system from the ac- 
tivity surface of iron oxide and from the molar 
curves obtained for the binary system, and 4—dif- 
ferentiate the ternary surface of the molar excess 
free energy of mixing to obtain the ternary surfaces 
for the logarithm of the activity coefficients for sil- 
ica and lime (log ysio. and log ‘Youo). 

SiO,-Fe,O: Schuhmann and Ensio® have measured 
the activity of iron oxide in simple iron oxide-silica 
slags when in equilibrium with y iron. Their data 
recalculated to 1600°C are shown in Fig. 1. Also in- 
cluded is a point representing a measurement by 
Gokcen and Chipman’ of the activity of iron oxide 
at 1600°C at the point of saturation with solid silica. 
For convenience and in accordance with other treat- 
ments,’ the calculations are based on the hypotheti- 
cal component, Fe,O, which is obtained by convert- 
ing all the analyzed iron in the slag to FeO. In spite 
of Schuhmann and Ensio’s conclusion that the activ- 
ity of iron oxide in the system does not vary with 
temperature over the experimental range of 1258” 
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to 1407°C, the data are corrected to 1600°C assum- 
ing that temperature does have an effect. It was 
felt to be most reasonable to assume that the term 
log yre;o is a linear function of the reciprocal of the 
temperature. Rey™ has indicated that an effect of 
temperature on the activities in this system is to be 
expected from the Schuhmann and Ensio data. In 
essence, the correction consists of multiplying the 
experimental value of log yre;o by the ratio of the 
experimental temperature in Kelvin to 1873°K. The 
magnitude of the correction is not large, being ap- 
proximately 11.5 pct of the experimental value of 
log YFe,0. 

A very minor correction was necessary to com- 
pensate for the fact that the slags were in equilib- 
rium with y iron in the experiment, while at steel- 
making temperatures they would be in equilibrium 
with liquid iron. Data for the correction were ob- 
tained from Darken and Gurry.® The standard states 
established are pure liquid iron oxide (Fe,O) in 
equilibrium with pure liquid iron (with the appro- 
priate amount of oxygen in solution) and pure 
liquid silica. 

The method of plotting in Fig. 1 is convenient for 
the calculation of the activity of liquid silica and 
permits a reasonable extrapolation for the activity 
of Fe,O in the ranges where no experimental data 
are available. The uncertainty in the extrapolation 
to infinity at one terminal where Nre;o = 1 for the 
usual Gibbs-Duhem integration is reduced consid- - 
erably by this method. The region of two coexisting 
liquid phases is estimated to range from 1.8 to 41.7 
mol pct Fe,O. The nature of the activity curve for 
the single-phase region indicates that the activity of 
iron oxide across the two-phase region is very close to 
0.39. Computation of the function log (1—Nreo)* 
for this region (dashed line) in conjunction with 
the curve through the adjusted experimental data 
indicate the best probable value of 0.382 for dre,o in 
the two-phase area. The line from 0 to 0.018 Nre;o 
is obtained by assuming that the component follows 
Henry’s law. In this range, the value for log yreio 
is 2.59. Appropriate mathematical manipulation of 
the plotted linet yields the activity curves for the 


+ See ref. 9 where this method is treated in some detail. 


system as shown in Fig. 2, A. 

The curve AF’, the excess molar free energy of 
mixing (actual minus ideal), as shown in Fig. 3 is 
also computed from Fig. 1. This curve is required 
for subsequent calculations. 

CaO-Fe,O: The phase diagram for the lime-iron 
oxide system when in equilibrium with liquid iron 
is not well known but there appears to be no inter- 
mediate compound present. This fact as well as the 
activity values for Fe,O extrapolated to the CaO- 
Fe,O binary from Taylor and Chipman’ tend to in- 
dicate somewhat negative deviations from ideality 
for the activity curves for the two components. 
Strong indication of this is evident in Fig. 1 where 
are plotted the points computed from the estimated 
activities of Fe,O for the binary system.’ It appears 
that the best line through the data is a horizontal 
straight line. Because of the general indication of 
the slight negative departure from ideality, the line 
is extrapolated horizontally to Nre» = 0. It is con- 
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venient in treating the system to use the standard 
state of the pure liquid for each component and 
thereby avoid the two-phase area of the lime-satu- 
ated slag. Fig. 2, B shows the computed activity 
curves for this system and Fig. 3, B shows the curve 
of AF’. The limiting activity coefficients (y°) are 
0.12. 

As a check on the calculations of the properties of 
the CaO-Fe,O system, it is possible to estimate the 
activity of liquid lime at the point of lime satura- 
tion by a somewhat unrelated method. Rossini et al.” 
give the free-energy change for the reaction 


ee AF 12,000 + 4.2 [1] 


near the melting point of 2600°C. Assuming that 
this equation is valid down to 1600°C, the ratio of 
the activity of pure solid lime to that of pure liquid 
lime at 1600°C is 0.33. In the binary system at the 
point of saturation of the slag with solid lime, the 
activity of lime in the liquid slag must be equal to 
that of pure solid lime. Thus, relative to the stand- 
ard state of pure liquid lime, both the lime in solu- 
tion and solid lime in equilibrium have an activity 
of 0.33. The fact that this point lies close to the cal- 
culated curve for the activity of liquid lime tends 
to support the method of calculation used here. 
CaO-SiO,: The phase diagram for the lime-silica 
system, which is rather well known, is dominated by 
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Fig. 1—Free-energy functions at 1600°C for the liquid binary 
system. Open circle is the data of Schuhmann and Ensio,° 
modified; triangle, Gokcen and Chipman;® and closed square, 
after Taylor and Chipman.’ 
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Fig. 2—Activity curves at 1600°C for the liquid binary systems. 
A is CaO-Fe,O, after Schuhmann and Ensio.” B is SiO,-Fe,O. Open 
circle in B is from thermal data.” 
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the compound 2CaO-SiO, which is very stable and 
which has a high melting point. Darken” has cal- 
culated the molar curve of AF/4.576 T for the binary 
system of liquid lime and liquid silica. His method 
was used to repeat this calculation to obtain the 
curve of AF’/4.576 T (Fig. 3) for the binary from 
the ternary activity surface of Fe,O as shown in 
Fig. 4. Although Richardson” also has determined 
the curve for the lime-silica system, Darken’s was 
used instead, since it is more consistent with the 
activity curves for Fe-O in the ternary field. In the 
binary system, the excess molar free energy of mix- 
ing (AF’) is equal to 4.576T (WNsio,- log ysio, + 
Neao log Yoao) 
Ternary System 

Activity of Fe,O: The iso-activity lines for Fe,O 
in the ternary system as shown in Fig. 4 constitute 
in essence a contour map. The lines are based on 
the activity data for Fe,O reported by Taylor and 
Chipman.’ Additional points for slags which were 
low in manganese oxide and phosphorus were cal- 
culated from Winkler and Chipman.” The iso-activ- 
ity lines are extended to the extremities of the dia- 
gram as required by the activity curves of the 
binary system, CaO-Fe,O and SiO.-Fe,O (Fig. 2). 
The iso-activity lines were extended across the 
region of the two coexisting liquid phases on the 
basis that the tie lines extend radially and would 
converge at the silica apex if there were virtually 
no solubility of iron oxide in liquid silica. This ar- 
rangement appears reasonably sound because the 
two-phase regions in the bordering binary systems 
extended about equal distances from the silica apex. 
It is to be noted that the activity of each component 
is constant across a tie line in the two-phase area. 

The iso-activity lines were drawn as smoothed 
curves through the data and to the sides. Because 
the basic data assumed the same behavior for MgO 
and CaO in this system, the ternary system is actu- 
ally Fe,O-SiO.-(CaO + MgO). To provide a con- 
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Fig. 3—Excess free-energy curves at 1600°C for the liquid binary 
system. A is CaQO-SiOs, after Darken’ and B is SiOs-Fe,O and 
CaO-Fe,O. 
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Fig. 4—Iso-activity curves for Fe:O at 1600°C for the liquid 


Fe,O-SiO.-(CaO + MgO) ternary system, after Taylor and Chip- 
man‘ and Winkler and Chipman. 


sistent pattern thermodynamically for the arrange- 
ment of the iso-activity lines, activity curves for the 
pseudobinary lines, as follows, were constructed: 
€aO7/S10; = 4/1; CaO/SiQ,, = 2/1, CaO/Si0, = 1/1, 
CaO/Si0O, = 1/2, and CaO/SiO, = 1/4. Smoothed 
curves of dre,o were also drawn for lines of constant 
Nre,o at 10 pct intervals. These sets of curves were 
used to aid in interpolating the activity lines. To 
ensure thermodynamic consistency to the plot, 
curves of AF’/4.576 T were computed for the five 
pseudobinary lines and the surface of AF’/4.576 T 
obtained is shown in Fig. 5. 

Slight adjustment of the activity lines in the re- 
mote corners of the ternary system was necessary in 
order to obtain a fully coordinated set of curves for 
and AF?/4.576 T. 

Activity of CaO and SiO,: The surface of AF’/4.576 
T for the ternary system in Fig. 5 was necessary in 
order that the activity coefficients of silica and lime 
(plus MgO) could be obtained. Determination of 
these activity coefficients was accomplished by the 
slope-intercept method according to the following 
equation 


log ys AF? (1—N,) 
4576T  4.576T 4.576T 


In this equation, the subscript 3 designates the com- 
ponent Fe,O. Subscript 2 designates either SiO, or 
CaO and, alternatively, 1 is either CaO or SiO.. The 
ratio N,/N,; requires that the differentiation be car- 
ried out along a line of constant ratio of component 
1 to component 3. This is a straight line from apex 
2 to the opposite binary 1-3. 

Actually, the determinations of the activity coef- 
ficients for silica and lime were made graphically. 
Taking silica as an example, from Fig. 5 a plot of 
AF?/4.576 T vs Nsio, for each of the quasi-binary 
lines of Fe,O/CaO of 4/1, 2/1, 1/1, 1/2, and 1/4 was 
constructed. Then the value of log ys:0./4.576 T at 
any given composition for one of the quasi-binary 
lines was the intercept at the axis of Nsio. = 0 of 
the tangent to the curve at the selected composition. 
This graphical method yielded a continuous curve of 
log ysio./4.576 T vs Nsio, for each of the quasi-binary 
lines. 

Interpolation from curves of log ysio, for the 
boundary binary systems and the five quasi-binary 
systems yielded the surface of log ysjo. as shown in 
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Fig. 5—Excess molar free energy of mixing surface for the liquid 
Fe,O-SiO,-(CaO + MgO) system at 1600°C. 
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Fig. 6—Surface of log ysio. at 1600°C for the liquid Fe;O-SiO.- 
(CaO + MgO) system. 


Fig. 6. The thermodynamic behavior of silica is 
presented in this way, instead of by iso-activity 
lines, because there is such a tremendous range in 
activity from 0.00001 in the region of nearly pure 
liquid lime to 1 at the silica apex. 

The surface of log ycao for liquid lime as shown in 
Fig. 7 was derived from the AF’/4.576 T surface in 
Fig. 5 in the same manner as was described for ob- 
taining the surface of log ysio.. Once again, the log- 
arithmic function of the activity coefficient is used 
because the activity of lime varies over a range of 
from 0.006 to 1. 

Discussion 

In trying to deduce from known phase diagrams 
some estimation of the thermodynamic behavior of 
the components in the iron oxide-silica-lime system, 
two dominant features are noted: the high stability 
of dicalcium silicate, (2CaO-SiO.), and the pres- 
ence of the field of two coexisting liquid phases near 
the silica apex. That this very strong attraction be- 
tween lime and silica persists well out towards the 
Fe,O apex has been shown by experimentally deter- 
mined” “ iso-activity lines which are distorted to a 
pronounced extent along the quasi-binary line be- 
tween 2CaO-SiO, and Fe,O. The semiquantitative 
determination of the behavior of lime and silica in 
this ternary at steelmaking temperatures indicates 
that the activities of lime and silica change very 
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Fig. 7—Surface of log yoao at 1600°C for the liquid Fe,O-SiO.- 
(CaO + MgO) system. 


abruptly as the region of this quasi-binary line is 
crossed. Proceeding parallel to the line, a much 
more gradual change is found. 

Rather rigorous thermodynamic methods of cal- 
culation have been adhered to here because, as 
pointed out by Darken,” they permit a reasonably 
reliable representation of the properties of the sys- 
tem where extrapolations are required. These are 
required in the areas near the liquid lime and liquid 
silica apexes. It is felt that, although the resultant 
surfaces describing the behavior of lime and silica 
are semiquantitative, they do aid in giving the 
reader a “feel” for the basic behavior of the metal- 
lurgical slags which stem from this system. 

Turkdogan and Pearson” have depicted the activ- 
ity surface for FeO for the ternary system FeO — 
(CaO + MnO + MgO) — (SiO. + P.O;). Their re- 
sults are generalized from quite a number of experi- 
mental studies. The surface which they drew differs 
somewhat from Fig. 4 in that the extension of the 
iso-activity lines for FeO towards the acids-bases 
binary side is not along the quasi-binary line of 
bases to acids of 2/1 but is distorted towards the 
bases corner. It is to be noted that this same differ- 
ence is present in comparison with the basic results 
of Taylor and Chipman.’ This apparently results 
from Turkdogan and Pearson’s” use of information 
obtained from a number of complex slag systems. 
Their diagram may be more convenient for repre- 
senting the behavior of iron oxide in the complex 
slags than is Fig. 4. However, the method of estab- 
lishing the surface for dreo is not as rigorous thermo- 
dynamically as is carried out here nor does it permit 
the ready calculation of the behavior of lime and 
silica in the ternary system. 

It is hoped that these data will stimulate further 
thought on means for depicting the behavior of the 
components of metallurgical slags. While the gen- 
eral separation of species into acids, bases, and 
oxidizers has been very useful and successful, it is 
considered to be only partially satisfying from the 
thermodynamic point of view in interpreting this 
system. The treatment of slags by the ionic theory 
also has been reasonably successful. The necessity 
of establishing a vriori the species to be treated is, 
however, somewhat unsatisfactory thermodynami- 
cally. It is considered that the approach presented 
here could lead to describing the behavior of an 
additional component to the basic ternary system by 
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a plot over a portion of the ternary field of some 
such device as iso-activity coefficient lines. This 
would avoid the need for artificially assumed species 
of various sorts. For example, in a paper to be pub- 
lished soon, the behavior of MnO in steelmaking 
slags is approximated by contour lines of constant 
Yano Over a portion of the ternary field. 

The results from Figs. 4 and 7 have been some- 
what helpful in developing a method for correlat- 
ing data on dephosphorization obtained during the 
refining period in basic open hearth operations. The 
method has been to compute the equilibrium con- 
stant for the reaction of iron oxide and lime in the 
slag with phosphorus in the bath to produce phos- 
phorus pentoxide dissolved in the slag. Attempts to 
correlate data reported by Winkler and Chipman” 
have been only partially successful. Further com- 
putations now being made will be reported later. 


Summary 


Data reported in the literature on various parts 
of the iron oxide-silica-lime system have been cor- 
related and surfaces of dreo, log ysio,, and log ycao at 
1600°C for the liquid ternary system have been 
computed. The pure liquid has been selected as the 
standard state for each component. The results, 
which are semiquantitative, are best summarized by 
reference to Figs. 4 through 7. 
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Howe Memorial Lecture, 1955 


Anatomy of the Open Hearth 


by John S. Marsh 


Qe to pay tribute to the memory of 
Professor Henry Marion Howe is a strenuous 
assignment as well as an honor. Upon recalling 
Howe lecturers and lectures of the past 25 years, 
glancing over the list of those earlier, and re- 
reading Howe’s books, I arrive at several con- 
clusions: 1—Many lecturers either worked under or 
knew Professor Howe. 2—It is virtually impossible 
to pick a subject on which Professor Howe did not 
touch. 3—There is precedent for a technical paper 
based upon pursuit of a single subject. 4—There 
have been listening lectures and reading lectures. 
There is solid comfort only in 2: the subject field 
is wide open. 

I did not know, nor even ever saw, Professor Howe, 
so can supply no fitting reminiscence. As a college 
student I was dimly aware that he counted among 
the giants. Fuller appreciation of his stature came 
with reading his books and papers, growing ac- 
quaintance with some of his associates, and the 
intrinsic dignity of the climax of the Annual Meet- 
ing, beginning at four o’clock of a Thursday after- 
noon in the auditorium of the Engineering Societies 
Building in New York. 

As for producing the technical paper sort of thing, 
it is my lot to have reached an age and assignment 
such that to do so would be to filch information 
from those who did the work and whose story is 
theirs to tell; for this I have no enthusiasm. 

As for the final conclusion, Professor Howe was 
one of the chosen few so highly expert at expository 
writing that he could produce a lecture or paper 
that reads as though it would also have listened 
well. One of his tricks was the free use of words 
not ordinarily part of the technical vocabulary, 
provided that such words were likely to communi- 
cate most precisely what he had in mind. How 
wonderful it would be for all who must read reports 
by the ton if ability at exposition could be taught 
with the effectiveness open, say to, differential cal- 
culus! Perhaps Professor Howe should be required 
college reading even if for no other reason than to 
prove that technical writing need be neither dull 
nor diffuse. 

My assignment is clearly still strenuous. Another 
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Table |. Steel Ingot and Casting Production in the United States, 


1953 

Process Net Tons Pet 
Open hearth, basic 99,827,729 89.44 
Open hearth, acid 646,094 0.58 
Open hearth, total 100,473,823 90.02 
Besseiner 3,855,705 3.46 
Electric 7,280,191 6.52 
Total 111,609,719 100.00 


point to consider is the fact that metallurgy is now 
so tremendously diversified that hope of finding a 
topic of universal appeal is negligible, even if one 
were competent enough to be permitted free choice. 
That which follows is, therefore, a compromise 
composed of necessity and of the obligation to 
attempt to avoid boring to slumber those of you 
who are not especially interested in the general 
subject chosen. 

The Iron and Steel Div. is now essentially a 
process metallurgy division, heavily concerned with 
the smelting of iron and the making of steel. The 
American Iron and Steel Inst. figure for present 
steel capacity of this country is 125,828,310 net tons; 
how this is divided among processes is indicated by 
the production totals for 1953, shown in Table I. 

The glamor girls and boys make the front page 
and so it is with steelmaking processes. If there is 
an Antarctic Daily Bugle, it undoubtedly has car- 
ried stories of revolutionary development, such as 
oxygen processes and vacuum melting, and stories 
of the incomparably rosy destiny of electric arc 
melting. All such certainly have their place and 
their future; meanwhile, it is the sturdy and old 
reliable open hearth that accounts for the bulk of 
production reported back on the financial page, and 
it is the old reliable that is most likely to continue 
to account for the bulk for some perfectly sound 
raw material, technologic, and economic reasons. 

This, plus the fact that next year marks a cen- 
tennial (for it was in 1856 that Frederick and 
William Siemens conceived the regenerative open 
hearth), is reason enough to talk about open hearth 
furnaces, but is not the real one. The real reason is 
that in some years of association with open hearths, 
I have accumulated—in addition to a genuine liking 
and respect for them—certain odds and ends of fact 
and fancy that this lecture provides a unique chance 
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to recall. Further, this is also an opportunity to re- 
port in a preliminary way some work in progress 
that we find intensely interesting and instructive. 
Inasmuch as this is to be mostly about parts of fur- 
naces, their behavior, and their functions, the term 
anatomy seems appropriate, although more descrip- 
tive might be side-lines, side-lights, and reflections. 


General Structure of the Open Hearth Furnace 


To refresh the memory of those not in frequent 
contact with the open hearth furnace, Fig. 1 shows 
a schematic representation of its principal parts and 
their relative positions, drawn as an unfolded longi- 
tudinal section. Firing direction is shown from 
right to left; in practice, firing direction is reversed 
at intervals, ordinarily of 10 to 15 min duration. 
This would be shown merely by interchanging items 
1 and 12 and reversing the flow direction arrows. 
The unfolding consists of rotating the zones 1, 2, and 
3 and 12, 2, and 3 by one right angle, inasmuch as 
the regenerators are ordinarily under the charging 
floor. 

Cold air enters at 1, passes into 2 for preheating, 
gains more preheat in the fantail 3 and uptake 5, 
and passes into the combustion zone 9 through the 
port 8 for combination with driven fuel from the 
burner 7. Waste gas leaves through the left-hand 
port, passes through the downtake 11, the fantail 3, 
the checkers 2, and out the stack 12. The regenera- 
tive system consists of all parts from the checker- 
chamber flue to the port; that is, flue, checker cham- 
ber, fantail, and uptake. 

A noteworthy feature is the number of right- 
angle bends; no less than 10 are to be counted in 
proceeding from zone 1 to zone 12. If the checkers 
were shown as two-pass, eight more would be 
added, or a total of 18—-surely enough for Daedalus 
on his labyrinth project. 

Noteworthy also is that, excepting zones 1 and 12, 
the structure breaks into two symmetrical halves, 
in spite of the fact that the gas handling require- 
ments are different. Owing to thermal expansion 
and combustion products and atomizing gas, the 
volume of the exit gas through the outgoing port is 
always greater than that of the incoming air. But 
the furnace must be reversed, so the two halves 
must be symmetrical in any fixed structure. 

The function of the open hearth furnace is to 
supply enough heat from a flame to increase the 
temperature of the metallic charge to about 2900°F, 
or 1600°C. This means that to be practicable flame 
temperature must be considerably higher. Nature 
has decreed that practicable fuels burned in cold air 


cannot be successful, simply not enough tempera- 
ture is developed. The extraordinary achievement 
of the Siemens hinges on just this fact: by devising 
a scheme to preheat combustion air by means of 
waste-gas heat, they made steel melting possible. 
Preheated air is thus the crux of the process, a fact 
always appreciated by some, but seemingly per- 
ceived but dimly by others. Some years ago, we be- 
came curious about quantitative details and so set 
out to measure some air temperatures. As results 
accumulated, an unexpectedly good correlation be- 
tween air temperature and heat time began to 
emerge, with indication for our particular furnaces 
that each 100°F of additional preheat meant about 
45 min less heat time. Here was something that 
everybody could understand; the simple eloquence 
of a single chart was vastly more convincing than 
thousands of words. And, as soon as it was demon- 
strated on operating furnaces that high air temper- 
ature is not possible without low air leakage, it was 
no longer necessary to argue the merit of utmost 
vigilance at the plugging and sealing of leak spots, 
especially downstairs. 

It is to be understood that we were under no 
illusion about uncovering any new principle of fur- 
nace operation. We were frankly at first startled— 
and admittedly gratified—by response to the work, 
but then realized that something had been accom- 
plished having nothing to do with initial objective, 
and something which re-emphasized an old lesson: 
The technically minded person dabbling in anything 
so eminently practical as operation of an open 
hearth furnace is likely to lead a lonely life if he 
does not understand and appreciate the operator’s 
mode of thinking and his language and if he cannot 
translate thought into that language. It is the differ- 
ence between ergs per degree and tons per hour; 
Boltzmann’s constant is indeed useful, but tons per 
hour pay off directly. In this sense, the real worth 
of the velocity thermocouple is that it translated 
the primordial open hearth principle into terms of 
immediate reality. 

Some subsidiary observations turned out to be 
useful in a better understanding of the general 
structure and function of the open hearth furnace. 
For example, opening a checker chamber peephole 
or a charging door invariably showed at once as an 
effect on air temperature in the uptake, as did such 
events as ore and hot metal additions; common to 
all is some effect on gas flow, either from increased 
volume by inleaking air or from bath reactions. By 
themselves, such observations were not of much 
importance, but collectively they imparted to users 
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1 INTAKE 7. ACTIVE BURNER 
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Fig. 1—Schematic representation of the 
open hearth furnace shows principal parts 
and their relative positions, drawn as an 
unfolded longitudinal section. Firing direc- 
tion is shown from right to left, although 
in practice it is reversed at intervals. 
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Fig. 2—Pitometer for velocity 


measurements in open hearth 
furnaces was designed to avoid 
the time-consuming labor of re- 
versing the pitot tube when the 
flow is reversed. 
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of the velocity thermocouple an unexpected skill, 
namely, the ability to diagnose troubles of ailing 
furnaces purely from the air temperature pattern. 
For example, such items as excessive air infiltration 
and improper combustion could be detected quickly; 
if the trouble was air infiltration, the place of occur- 
rence could be deduced with considerable certainty. 
Perhaps it will have been noted that everything 
about the open hearth furnace involved in per- 
formance of its principal function sooner or later 
involves flowing gas. However, before succumbing 
to the inevitable, to be considered is the burner 
which produces the flame which supplies heat and 
which itself is a heavy contributor to gas flow. 


Burners 

Although the first open hearths were fired with 
producer gas, preheated in its separate regenerative 
system, and although producer gas firing exists to- 
day, these remarks apply either to liquid fuel or 
liquid fuel in combination with gas under pressure. 

Since the introduction of liquid fuel, a vast num- 
ber of burners have been built or at least designed. 
In essence, each consists of an atomizer, a nozzle 
(which may be merely the end of the burner pipe), 
and a protective envelope. In detail, burners range 
from simple fabrications of steel pipe to complex 
aggregations that would do credit to Rube Goldberg. 
Some carry extra piping for introduction of fuel 
gas or oxygen. The purpose of all, of course, is to 
produce flame. 

Probably as old as the use of liquid fuel is the 
knowledge that flame can be made soft or sharp by 
control of atomizing agent, usually steam. Sudden 
awareness one day that change from soft to sharp is 
abrupt rather than gradual set off some musing that 
became excuse enough to look further into the 
matter. Writers on the open hearth, whether opera- 
tors or combustion experts, often had something to 
say about the necessity, or at least desirability, of a 
good burner but seldom gave any clear indication of 
what constitutes the good, so consequently were not 
of much help. 

Inasmuch as there is little flexibility to full-size 
units, even if installation of such could have been 
arranged in wartime, the decision was made to ex- 
periment with models constructed from glass and 


TRANSACTIONS AIME 


copper tubing. Ten gallon cans of oils of graded 
viscosity, a long compressed air hose, and an empty 
lot completed the equipment. An afternoon of 
squirting was most instructive: 

1—The oil spray, like the flame, could be made 
soft or sharp by control of atomizing air flow. 

2—The spray was insensitive to atomizer design; 
in fact, an open end oil tube extending almost to the 
nozzle worked about as well as any. 

3—The spray envelope depended mostly, if not 
entirely, on the size and shape of the nozzle. 

Disenchantment with the gaudier devices set in, 
even though there was no proof yet that the oil 
spray portrayed well enough the more complex 
flame of the open hearth burner. However, it was 
that same wartime which provided the chance to try 
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Fig. 3—Diagram shows typical examples of the effect of fur- 
nace pressure on waste gas and air velocity in the down and 
uptakes. 


Fig. 4—Effect of 
opening of charging 
doors on waste-gas 
and air yelocity is 
shown graphically. 
Maximum change of 
velocity has been 
found in the range 
of 10 to 15 pct. 
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Fig. 5—Features of the air-flow 
pattern in the uptakes are illus- 
trated. Flow from the regener- 
ator was from left to right with 
the greater portion flowing in 
the right-hand uptake. 
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out notions acquired from the spray experiments; 
many an operator remembers well how Bunker-C 
oil was inclined to lose its sturdiness and how diffi- 
cult it was to produce a long flame with it. Experi- 
ments did not produce a satisfactory flame with the 
light oil, but they did confirm the spray findings, 
even unto substitution of a length of pipe extending 
to within several inches of the nozzle for one of the 
popular atomizing rigs. No perceptible difference in 
flame appearance resulted. 

These and similar experiences convinced us of the 
essential correctness of several summarizing state- 
ments as follows: 

1—A most important function of atomizing me- 
dium is to impart velocity to the fuel stream, both 
for flame direction and for rate of burning. 

2—Flame shape is determined primarily by the 
nozzle. 

3—Arrangement and nature of burner parts 
ahead of the nozzle are uncritical and, within wide 
limits, may be left safely to whim of the designer. 

These notions were to prove enormously helpful 
when it became necessary to burn coke oven gas, not 
as a dumping expedient but as a principal fuel, and 
to experiment with oxygen. In the former instance, 
it was possible to be convinced that there must be a 
way to burn gas successfully at a time when past 
experience with lazy roof-licking flames had con- 
vinced many an operator that coke oven gas flames 
never could be any good. As some of you know, the 
combination of a jet of gas having enough velocity 
for direction and a stream of liquid fuel such as tar 
or pitch turned out to produce an eminently satis- 
factory flame. As for the oxygen experiments, con- 
viction that the burner is not a critical part of the 
system made it possible to agree easily with trial of 
a half-dozen designs; one performed as well as an- 
other, so here was still more evidence that time 
could be more profitably spent on other parts of the 
system. 

By substituting jet momentum for velocity in the 
foregoing, agreement with recent findings of the 
Flame Radiation Research Joint Committee’ is no- 


table. The reports of this group, by the way, cover-. 


ing the burner trials at Ymuiden, Holland, are re- 
quired reading for anyone interested in the prob- 
lem of generating high temperature heat in quantity 
by flame. 
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Generation of high temperature heat, to repeat, is 
the function of the open hearth furnace. That some 
furnaces do this job better than others must be con- 
ceded. Since the burner is uncritical, the reason or 
reasons must be sought elsewhere and it is difficult 
to avoid the conclusion that gas flow is somehow 
responsible. 

Gas Flow 

Without gas flow there could be no open hearth 
furnace. Preheated air must be moved into the com- 
bustion zone and waste gas must be carried away. 
It follows that the principles of gas flow are of vital 
importance to the designer and that general under- 
standing is useful to the operator. I have no inten- 
tion of reviewing these principles which are avail- 
able elsewhere, as in Mr. Larsen’s excellent chap. 20 
of Basic Open Hearth Steelmaking.” He notes, by 
the way, the scarcity of quantitative information on 
flow matters peculiar to the open hearth. 

First to perceive the general behavior of gases in 
furnaces and first to attempt quantitative details 
was evidently W. E. Groume-Grjimailo, Professor 
of Iron Manufacturing at the Polytechnic Inst. of 
Petrograd, whose work was originally published in 
1911 and later in translation.* The complete title is 
The Flow of Gases in Furnaces Based wpon the 
Laws of Hydraulics; the foreword to the French 
edition, dated May 1914, contains the statement 
that, “I finally comprehended that each furnace 
could be represented as a hydraulic recipient or 
reservoir, that the problem of designing a furnace 
was nothing more than a problem in hydraulics, and 
that the circulation of the hot gases in the furnace 
was similar to the circulation of a light liquid with- 
in a heavier liquid.” He was evidently also first to 
build and use scale models; they consisted of longi- 
tudinal sections of furnaces immersed in water 
tanks with glass sides through which he circulated 
colored kerosene to simulate flow of hot gas. A basic 
weakness of the water-kerosene model was recog- 
nized quickly by Le Chatelier in his preface to the 
French edition, ‘During its circulation, the colored 
kerosene cannot be changed into water or mixed 
with it, while the light or hottest gases, having 
given up their heat, are transformed into colder and 
heavier gases. This introduces very essential differ- 
ences which must be clearly understood. The only 
purpose of this method of representation is to pre- 
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sent to the eye a very strong impression which will 
stimulate the imagination; in practical application 
it is necessary that we consider these phenomena as 
they occur and study the gas itself, which can only 
be conceived in the abstract and of which no visible 
representation can be made.” The treatise contains 
as well a deal of practical information, and not all is 
out of date either, and several other statements of 
interest, one fittingly modest and the other glori- 
ously optimistic. The first: “I understand perfectly 
that my work is nothing more than the first step 
toward the solution of the problems of furnaces.” 
The second: “With a little more theory the Ameri- 
can engineers will fully master the science of build- 
ing furnaces.” 

Temptation is great to editorialize on the latter 
statement, but I refrain; it—and the others—got 
here accidentally anyway, for I had really, after a 
lapse of many years, hunted up the book a few 
weeks ago to refresh my memory on what the Pro- 
fessor had had to say on two-pass checkers. A few 
words in appreciation of how much had been ac- 
complished a half-century ago are an afterthought 
—a reminder that the first treatise on gases in fur- 
naces recognized matters that bother us today, such 
as poorly distributed flow, eddy currents, bottle- 
necks. There is no mention of cure by streamlining, 
however. 

Man’s effort to avoid drag, absolutely essential in 
his conquest of the third dimension of space, neces- 
sarily results in streamlining. The layman has taken 
to the design with the avidity of the hypochondriac 
for the latest in antibiotics, judging by the wealth 
of such noteworthy high speed streamlined de- 
vices as fountain pens, domestic appliances, hair- 
do’s, and committees. Further, he is likely to believe 
that such design is the quintessence of modernism, 
entirely in keeping with the new and exciting sci- 
ence of aerodynamics, but how about the brook trout, 
which has been around for thousands of years? This 
exquisite creature, who prefers existence in rapidly 
flowing waters, is a perfect example of functional 
streamlining. As for man-made design, that is not 
so new either; in 1900, three years before Kitty- 
hawk, N.C. made the papers, the Baltimore and 
Ohio Railroad abandoned as nonfunctional an air- 
splitter train that is in every way reminiscent of 
today’s name streamliner. To all of this, the de- 
signer of open hearths in the main has been aloof; 


functional streamlining is conspicuously absent and 
none can argue that he produces a thing of beauty. 

Vagaries of air currents as well as some of their 
predictable patterns have been known for centuries, 
ranging from Pliny the Elder to Leonardo da Vinci 
(who in the fifteenth century made some remark- 
ably pertinent observations on the “fitful impet- 
uosity of the wind’’) to those of us who recently had 
a sharp lesson in vortex storms by way of a hurri- 
cane named Hazel. Hurricane velocities range up- 
ward from about 100 fps; it will be seen shortly that 
gas velocities of better than half that can be found 
in open hearths. Although hot waste gas is consider- 
ably less dense than atmospheric air, it packs enough 
solids to produce an impressive mv. Considering the 
destructive power of even the punier nieces of the 
Hazel family, we evidently have reason to learn to 
provide harmless—yet still useful—channels for our 
home-made winds. However, all is not young hurri- 
cane, or even gale; zones of utter calm can be found 
and others are disturbed by the gentlest of zephyrs. 
Here again common experience is helpful to under- 
standing; every country boy, at least in the cooler 
climates, has noticed the effect of obstacles such as 
lone trees and fence posts on drifting snow, how it 
piles up on one side and blows clear on the other. If 
that boy is also a trout fisherman, half as able as 
implied by the standard cartoon depicting him 
giving the fancily equipped city slicker a lesson, he 
has also acquired a working knowledge of reverse 
flow and eddies and stream splitting and dead spots. 

It must be that some such boys grew up to be 
open hearth designers, but they must have forgotten 
their early lessons in stream-flow behavior; other- 
wise, it is extremely difficult to explain how the 
elaborately contrived set of obstructions to gas flow 
which characterize the open hearth furnace ever got 
there. The obvious—and probably true—explana- 
tion is that the current 200 tonner grew from the 
original pocket-size producer gas affair in precisely 
the way that many a colonial house has grown. Ad- 
dition of slag pockets, increase of dimensions, and 
rotation of checker chambers from beneath the 
hearth to beneath the charging floor in the first 
instance, and addition of wings and ells and such 
in the second, does not alter the fact that in both we 
mostly have more of the same. That the modern 
open hearth works as well as it does, however, 
strongly suggests that this is not necessarily bad. We 


Fig. 6—Effect of the breakaway 
edge provided by the bridgewall 
is marked and characteristic in 
the pattern of waste-gas flow in 
the downtakes. Flow in this case, 
before turning downward, is 
from top to bottom. 
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AIR FLOW IN A SINGLE-PASS REGENERATOR AT LOCATIONS INDICATED. 
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1—Air pattern at plane G-1. 
2—Air pattern at plane G-2. 
3—Air pattern at plane G-3. 
4—Air pattern at plane G-4. 
5—Air pattern at plane G-5. 
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WASTE-GAS FLOW IN A SINGLE-PASS REGENERATOR AT LOCATIONS INDICATED. 
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A—Waste-gas pattern at plane G-1. 

B—Waste-gas pattern at plane G-2. 

C—Waste-gas pattern at plane G-3. 

D—Waste-gas pattern at plane G-4. 
D 


TRANSACTIONS AIME 


5 
3 
| 
| 
| 
| 
| 
| 
| 
| 
| 
| 


must conclude that either 1—the Ultimate Creator 
is expansively benign, or 2—there is not much that 
is really critical about an open hearth, or 3—the 
Siemens’ prototype was born mature. 

Seriously speaking, it is clear that the open 
hearth survived because it is operable to economic 
advantage. Productivity and thermal efficiency have 
been increased markedly, largely by refinement of 
details, mostly arrived at by cut-and-try methods; 
the good survives and the bad dies quickly. Much 
such experimenting is really concerned with gas 
flow; for example, with the height of main roof 
above bath, port design, and uptake cross-sectional 
area. Curiously enough, there has not been much 
inclination to tamper with several organs that were 
functional in the days of the gas producer but now 
are as vestigial in terms of original purpose as one’s 
vermiform appendix, such as the gas chamber of the 
regenerator and the sloping port roof. 

Even the most unimaginative first helper must 
now and again be aware that stream flow in an open 
hearth is scarcely uniform: Flame puffs from a door 
peephole at intervals, or some portion of the brick- 
work is selectively eroded. My own real awareness 
of delicate winds of fitful impetuosity came with the 
discovery that much more can be seen with green 
glasses than with the traditional blue, including 
wisps of flame from collapsing gas bubbles lazily 
heading in the direction counter to that of firing. A 
mental note on occurrence of reverse flow was filed 
under miscellaneous and probably useless, perhaps 
forever. Impetus for follow-up came from an unex- 
pected source. Impressions had been accumulating 
in shops using more than one kind of liquid fuel that 
dust and dirt carried over the bridgewall somehow 
depended on the kind of fuel, so we set out to meas- 
ure dirt flow in the downtakes. Our luck with meas- 
uring air temperature with the velocity couple 
merely by keeping the entry end a reasonable dis- 
tance in from the uptake walls had lulled us into 
the naive belief that gas flow over a large chunk of 
cross-section might be uniform enough to simplify 
the job of total dirt flow, provided that we could 
devise some isokinetic sampling machinery. The 
latter turned out to be no trifling assignment, be- 
cause the stream fluctuates erratically at even a 
fixed sampling point, but that is another story. As 
for uniform flow over a substantial fraction of cross- 
section, nothing could be farther from the truth. We 
resolved to determine some flow patterns. 

Two courses were open; for one, we could follow 
the example set by Chesters* in England who at a 
recent session of our own National Open Hearth 
Conference had described his beautifully designed 
and executed scale-model work. For the other, we 
could probe some actual furnaces. Some earlier and 
rather casual groping about with models of the 
baling-wire adhesive-tape sort convinced us that 
strict adherence to Newton’s conditions guarantee- 
ing dynamic similarity is no job for amateurs. To 
achieve the similarity sought by Dr. Chesters would 
require more time and talent than we had at the 
moment and, besides, there is something convincing 
about measurements on the real thing. Furthermore, 
we had notions about comparing flow in furnaces of 
differing size and design. 

Preliminary work indicated that a pitot tube 
could be designed to withstand high gas tempera- 
ture; the first successful measurements of velocity 
head were by means of a water-cooled device in a 
downtake. Pressure, recorded by an inverted bell- 
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type manometer, is converted to velocity by making 
suitable temperature correction. The apparatus 
functioned well for flow in one direction, but flow is 
reversed at intervals; to avoid the time-consuming 
labor of reversing the pitot tube with the furnace, 
the pitometer shown in Fig. 2 was designed. It is 
simply a double-headed instrument which responds 
to impact pressure on the upstream end and a suc- 
tion pressure on the downstream end; the two pres- 
sures are additive on the recording manometer. 
Thus with but two pressure leads, flow can be meas- 
ured in either direction without change of either 
leads or head orientation. The instrument was cali- 
brated against a standard pitot tube in an uncon- 
fined flow of air. Ten separate tests resulted in ex- 
cellent reproducibility over the range of velocity 
expected to be found in open hearths (measured, by 
the way, in hundredths of an inch of water). The 
instrument could be tilted up to 45° from the direc- 
tion of flow without change of reading. The pito- 
meter can be made to any length suitable for prob- 
ing uptakes and checker chambers, although 
extreme lengths require care in maintenance of 
adequate water cooling for zones of highest temper- 
ature. Thus far, instruments up to 15 ft long have 
been used. 

As was true of the velocity thermocouple, useful 
side-lines and side-lights were acquired during 
early work with the pitometer. One is a point that 
will not surprise anyone who has slammed a door 
in one room to find that another in a different room 
popped open simultaneously—or at least within the 
time interval prescribed by the velocity of sound; it 
is simply this: Any change in gas flow in any part of 
the open hearth system is felt in all other parts of 
the system. It means that there is no such thing as. 
changing one thing at a time in an open hearth in 
terms of effect, such as making uptake area larger 
or smaller, or main roof higher or lower. It also 
means that the operator’s measuring stick, cali- 
brated in tons or dollars, is the only really safe one 
but this is not of much help to the engineer seeking 
design numbers. 

Examples of exploratory results are illustrated 
by the effect of opened charging doors and of varied 
hearth chamber pressure (by control of stack 
damper) on gas velocity in downtakes and in fan- 
tails. Hearth chamber, or furnace, pressure is non- 
uniform, of course; it increases from bath level to 
roof and from firing end to exit end. Control to 
minimize infiltration is ordinarily such that pres- 
sure approaches atmospheric at an intermediate 
level. A three-door blow on a five-door furnace is 
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Fig. 8—Data of Fig. 7 for air and waste-gas flow in a single-pass 
regenerator are summarized schematically in this figure. 
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AIR FLOW IN A TWO-PASS REGENERATOR AT LOCATIONS INDICATED. 


Fig. 9—Results are shown of an exploration 
of two-pass checkers of a 250 ton furnace 
with about 200 heats on the roof. Locations 
of test holes for measurement of velocity in 
a two-pass regenerator are indicated (right), 
and air (above) and waste-gas (below) 
flow are shown diagrammatically. 


1—Air pattern at plane 
G-1. 


2—Air pattern at plane 
G-2. 


3—Air pattern at plane 
G-3. 


4—Air pattern at plane 
G-4. 
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WASTE-GAS FLOW IN A TWO-PASS REGENERATOR AT LOCATIONS INDICATED. 
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A—Waste-gas__ pattern 
at plane G-1. 


B—Waste-gas pattern 
at plane G-2. 


C—Waste-gas__ pattern 
at plane G-3. 


D—Waste-gas__ pattern 
at plane G-4. 
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ordinarily equivalent to a roof pressure of 0.07 to 
0.09 in. of water. In this case, pressure at the peep- 
hole of the first door ordinarily will be below 
atmospheric and that at the second door will be just 
about atmospheric. In Fig. 3 are shown some typical 
results on waste gas and air velocities in down and 
uptakes. Although velocity limits and rate of change 
of velocity with pressure are not the same for all 
furnaces, the behavior pattern is invariably the 
same: Velocities are lowered by increased furnace 
pressure. 

Successive opening of charging doors substanti- 
ated the notion that opening a positive pressure 
door would allow escape of gas and so lower velocity 
in the downtake, whereas opening a below-atmos- 
pheric-pressure door would allow inrush of air and 
so increase total volume and velocity. This is 
illustrated by Fig. 4, which shows velocity behavior 
at two levels of furnace pressure. In our view, the 
upper curve is an example of how not to operate a 
furnace, although Mr. Larsen’ recently presented 
strong argument for controlled air leakage above 
sill level in certain special cases in a thought-pro- 
voking paper that is also required reading. Return- 
ing to Fig. 4, it can be said that the pattern shown 
is typical; maximum change of velocity has been 
found in the range of 10 to 15 pet. 

Other exploratory work involved effect of gas 
evolved from the bath as caused by ore and lime 
boils, but no simple summarizing statement seems 
possible because varying rates of chemical reaction 
are involved. An overall result, however, is to 
strengthen willingness to believe that, like snow- 
flakes, no two heats are identical. 

The foregoing results of velocity measurement 
and those to follow are principally the work of R. H. 
Jones and D. F. Brion of our Research Dept. They 


Table II. Flow and Velocity Data from Figs. 5 and 6 


Maxi- 
Pet Average mum 
Flow, of Total Velocity, Velocity, 

Location Cfh Flow Fps Fps 
Floorside, air 2,700,000 45 14.9 21.8 
Pitside, air 3,300,000 55 18.1 24.0 
Floorside, gas 4,900,000 54 27.0 39.6 
Pitside, gas 4,100,000 46 22.6 39.8 


are cited by name to rescue them from the oblivion 
of anonymity, because they are now engaged in 
study of flow patterns in regenerators and this task 
is likely to require considerable time. We do not 
pretend to know where this work will lead or 
whether it will result in changed furnace design; at 
very least, however, it should lead to better under- 
standing of what we have now. 


Flow in the Regenerative System 

Study of gas flow in up and downtakes was begun 
by traversing an area about 3 ft above floor level 
and about 4 ft below the bridgewall in several 170 
and 230 ton furnaces having single-pass checkers 
and in “one 250 ton furnace having double-pass 
checkers. 

A gas stream has momentum and, like the auto- 
mobile, it tends to crowd the far side of a turn. 
Further, breakaway from surfaces is to be expected 
if change is abrupt, as with water over a dam. Inas- 
much as the purpose here is merely to indicate the 
nature of what is being found, these’ simple state- 
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Fig. 10—Distribution of air and waste-gas flow is shown. The graph 
schematically summarizes the data of Fig. 9 for a two-pass re- 
generator. 


ments are sufficient to follow the broad outline of 
flow behavior. 

Air flow across the section chosen ordinarily 
exhibits the features of areas of maximum velocity 
in each of the two uptakes (two because of the 
dividing wall created by the burner block) and un- 
balanced total air flow. Possibly because of the low 
points of the burner block arch, the uptake on the 
fantail side invariably shows two maxima; these 
features are illustrated by Fig. 5. In this instance, 
flow from the regenerator was from left to right; it 
will be noted that the greater portion flowed in the 
right-hand uptake. Low and even zero velocities 
were found adjacent to the left-hand walls. All of 
this is consistent with the phenomenon of break- 
away and the property of momentum. 

The pattern for waste gas flow is given in Fig. 6. 
Effect of the breakaway edge provided by the bridge- 
wall is marked and characteristic (flow in this in- 
stance before turning downward is from top to 
bottom). Velocity increases from nothing near the 
bridgewall to maximum in most furnaces at a dis- 
tance of one-half to two-thirds of the length of the 
downtake, then declines as the endwall is ap- 
proached. 

Some numerical values derived from Figs. 5 and 6 
are given in Table II. 

The greater flow of air in the pitside (that is, 
away from the fantail) uptake is characteristic. In 
this instance, flow of gas was greater in the floor- 
side downtake, but this is not characteristic be- 
cause examples of the inverse distribution have 
been found and even of approximately equal flow. 
This must be an example of the theorem that a gas 
stream not only knows where it is going but also 
something of where it has been On the whole, how- 
ever, behavior of this furnace was what might be 
termed normal, which term includes rather good 
distribution of flow between the two passages and 
symmetrical wear of the endwalls. Examples of 
markedly different behavior have been found; in 
one, air flow was heavy on the pitside and wall 
erosion was heavy on the floorside. The furnace was 
but one of a number of the same design, so a special 
inspection trip was arranged when it came off for 
rebuild. A relic of an earlier repair job was found, 
in the form of a protruding face on the end of the 
fantail dividing wall. Although there is no proof, it 
is difficult to ignore the suspicion that this unusual 
mass diverted air to the far uptake, leaving less for 
normal cooling of the near endwall. Even if this is 
not the true explanation, other examples of unusual 
wear add to the notion that nonuniform gas flow, 
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although perhaps not harmful to overall thermal 
performance, is responsible for much localized 
erosion. If it is the explanation, then we must have 
hearty respect for potentially large effects from 
relatively small changes of shape of gas passage 
contour. 

Furnaces of the kind dubbed normal have been 
followed throughout their life. Up and downtake 
patterns remain generally similar, but velocities 
tend to decrease as area is increased by overall ero- 
sion, and the dead area near the bridgewall tends to 
enlarge. 

Although interesting, the work in up and down- 
takes was dull in comparison with what we hoped to 
learn about checker chambers. In spite of experi- 
ence of the past and reasons on paper, in the air 
temperature work we had failed to find any superi- 
ority of two-pass over single-pass checkers, based 
upon temperature of air delivered to the uptakes. 
One of the most damaging arguments against 
single-pass checkers has always been poor gas dis- 
tribution. 

Initial probing was done above the checkers in 
the region of the fantail of the gas chamber of a 
235 ton single-pass furnace with 200 heats on the 
roof; reason for including the latter datum will 
emerge in a moment. Results are shown in Fig. 7. 
The patterns of Fig. 7, 1 through 5 and A through D, 
are for distribution of air and waste gas in planes 
perpendicular to main flow direction, located as 
indicated. The air patterns of Fig. 7, 1 to 5, indicate 
a rather complex stream in three dimensions. Total 
flow in the fantail was 2,700,000 cfh, whereas that 
at location G-3 was 400,000 cfh, indicating that 
2,300,000 cfh, or 85 pct, of the total flow was han- 
dled by a 7 ft checker section adjacent to the fantail. 
It was further determined that the 400,000 cfh, or 
15 pct, was handled by a 12 ft section at the incom- 
ing end, which indicates that the intermediate 7 ft 
section handled no air at all. If this is true, distribu- 
tion in single-pass checkers is far worse than it ever 
looked on paper. Fig. 7, A to D, gives the corre- 
sponding information for the waste-gas period. The 
expected higher maximum velocities were found— 
50 fps in the fantail—as were reversed zones of 
greater and lesser flow. Calculated total flow was 
4,400,000 cfh with 1,400,000 cfh, or 32 pct, entering 
the checker flues between fantail and G-3 and with 
3,000,000 cfh, or 68 pct, handled by a 12 ft section 
adjacent to the exit end; this again leaves idle a 
mysterious intermediate 7 ft section. These matters 
are summarized schematically in Fig. 8. 

Our first reaction was rank disbelief; the second 
was that the checker flues must be plugged—after 
all, there were 200 heats on the roof. The work was 
repeated after rebuild and 30 heats; results were 
exactly the same, excepting the fact that average 
velocity was about 15 pct lower. 

Exploration of two-pass checkers of a 250 ton 
furnace, with about 200 heats on the roof, was made 
as before, with results shown in Fig. 9, 1 through 4 
and A through D. The sections of Fig. 9 show flow 
distributed throughout, with the exception of that 
for location G-3, which shows all flow bunched in 
about one-quarter of the area, possibly as a conse- 
quence of the 180° turn taken by the stream from 
the dummy pass. Of a total flow of 2,600,000 cfh, 
45 pct is calculated to have passed through a 5 ft 
section adjacent to the incoming end, with the re- 
maining 4 ft section handling the remainder. This 
reasonably uniform distribution was not main- 
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tained in the hot pass, however, as will be shown 
shortly. Waste-gas patterns are shown in Fig. 9, A 
to D. The section for location G-4 is noteworthy in 
showing reverse flow and probable recirculation. 
Distribution of both air and gas flow is shown in 
Fig. 10. The actual behavior of waste gas over the 
cold-pass checker is in doubt because of reverse 
flow; otherwise Newton’s first law of motion is op- 
erative in that both air and gas crowd the outgoing 
end, and this behavior is especially marked in the 
hot pass. 

As stated earlier, the work has really just begun. 
Results to date show that, in terms of the Utopian 
regenerator in which all checker brick share the 
work load equally, both single and double-pass are 
terrible and that, as for design of such a regen- 
erator, we are all babes in the woods. I can never 
forget one furnace that was running exceptionally 
well among a group of fast steppers; air tempera- 
ture was suitably high, but through the regenerator 
peepholes there was not a checker brick in sight. 

From the foregoing, it seems that the statement 
made nearly 50 years ago on what could be done 
with a little more theory toward mastery of the 
science of furnace building is still to be fulfilled. 
The fact that we have furnaces of not too bad ther- 
mal efficiency suggests that a combination of com- 
mon sense and luck is reliable enough until some- 
thing better is invented. It is possible that the crazy 
mixed-up flow of gas is a blessing; air temperature 
in an uptake, for example, is remarkably uniform. 
It is possible also that better understanding of gas 
flow and its control would not result in marked im- 
provement of thermal efficiency but could result in 
design for longer furnace life or for simpler cheaper 
construction of regenerators. 


Coda 


All of this, of course, depends upon action of 
people, just as operation of an open hearth depends 
on them. Just how to classify the human factor 
under anatomy is difficult to see, unless a new di- 
mension be invented; perhaps Professor Howe could 
have managed. 

In retrospect, many a person—perhaps a helper 
or melter—is remembered for some special assist- 
ance, or contribution to the lore, or for some purely 
personal reason, although the open hearth problem 
causing the meeting is long forgotten. Of lasting 
satisfaction are friendships in the steelmaking fra- 
ternity—close associates, reguiars at National Open 
Hearth Conferences, colleagues on the AIME Open 
Hearth Committee and on the American Iron and 
Steel Inst. Open Hearth Committee; all are part of 
the open hearth story and I salute them. 

To borrow a phrase from my young son, it has 
been very good fun. 
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Study of the Radiation Stability of Austenitic 


Type 347 Stainless Steel 


by M. B. Reynolds, J. R. Low, Jr., and L. O. Sullivan 


The effect of neutron bombardment upon the stability of type 347 austenitic stainless 
steel has been investigated by a magnetic technique. The relation of the ferrite content 
of a stainless steel to its magnetic properties is given, and an apparatus suitable for the 
measurement of the ferromagnetic saturation induction of small specimens is described. 
Results of measurements on irradiated specimens are tabulated. Exposure to a neutron 
flux was found to cause a slight increase in the ferrite content of type 347 stainless steel, 
the change increasing with increasing length of exposure and with increasing initial fer- 
rite content. The similarity of the effect of irradiation to the effect of annealing is pointed 
out. Possible effect of irradiation upon density of austenitic stainless steel is discussed. 


OMMERCIAL austenitic stainless steels are alloys 

of iron, chromium, and nickel, plus small quan- 
tities of other elements. Although these alloys are 
normally used in the austenitic condition, this state 
is thermodynamically metastable at ordinary tem- 
peratures and transformation to a more stable state 
takes place under favorable conditions. In the aus- 
tenitic state, these stainless steels have the face- 
centered-cubic crystal structure characteristic of y 
iron, but the stable state at room temperature is a 
mixture of austenite and body-centered-cubic fer- 
rite. The transformation from the pure austenitic 
condition may be brought about by cold working the 
alloy at a temperature below that at which the aus- 
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tenite becomes thermodynamically unstable (about 
400°C), the completeness of transformation increas- 
ing with increasing severity of cold work and de- 
creasing temperature. 

The behavior of the austenitic stainless steels under 
ordinary conditions of use is rather well known. 
However, use of these alloys in a nuclear reactor 
introduces a new variable: the effect of neutron 
bombardment upon the transformation from the 
austenitic to the ferritic state. It was with this in 
mind that a study of the radiation stability of aus- 
tenitic type 347 stainless steel was undertaken. 


Magnetic Technique for Ferrite Determination 

Commercial austenitic stainless steels such as type 
347 undergo little transformation under normal con- 
ditions of fabrication and use. In view of this fact, it 
seemed likely that neutron irradiation would change 
the ferrite content of the alloy but little. The method 
chosen for measurement of the effect of neutron 
irradiation was thus limited to one which would be 
quite sensitive to small changes in the ferrite content 
of the alloy. Of the properties of the stainless steel 
which can be measured, the magnetic characteristics 
are most sensitive to the quantity of ferrite present. 
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A fully austenitic stainless steel is paramagnetic, but 
the ferrite resulting from its transformation is ferro- 
magnetic in nature. Since paramagnetic suscepti- 
bilities are orders of magnitude smaller than corres- 
ponding ferromagnetic susceptibilities, the presence 
of a very small amount of ferrite in an austenitic 
stainless steel has a readily observable effect upon its 
magnetic characteristics. 

The magnetic induction B in a substance is related 
to the magnetizing field producing it by 


B=H + 4al [1] 


in which I is the intensity of magnetization in the 
substance. The intensity of magnetization is related 
to the magnetizing field by 


I=«H [2] 


in which « is the magnetic volume susceptibility. For 
a predominantly paramagnetic substance (in this 
case an austenitic-type stainless steel) containing a 
fraction f of ferromagnetic phase, the following may 
be written 


[3] 


in which I, is the intensity of magnetization which 
would exist in pure austenite phase in a given mag- 
netizing field and I, is the intensity of magnetization 
which would exist in pure ferritic phase in the same 
magnetizing field. Eq. 3 may be written in the form 


in which «x, and x, are the paramagnetic and ferro- 
magnetic susceptibilities, respectively. The para- 
magnetic susceptibility x, is a constant, but x, varies 
with magnetizing field in such a manner that I, sat- 
urates with increasing H, becoming essentially con- 
stant for values of H above a certain value. Since x, 
<< 1 for values of H above this saturation value, 
Eq. 1 may be written 


B=H +af [5] 


in which a is a constant which may be called the 
ferromagnetic saturation induction characteristic of 
pure ferritic phase and f is again the volume fraction 
of ferritic phase. It is apparent that the value of the 
quantity af may be obtained by extrapolating the 
upper part of a B vs H plot back to H = 0, as shown 
Apparatus 

Because of space limitations in existing irradiation 
facilities and because of the high level of radioactivity 
induced in stainless steel by neutron irradiation, 
sample size was limited to something considerably 


Fig. 1—Determination of af by extrapolation of B-H plot 
is shown. 
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Fig. 2—Diagram illustrates apparatus for the determination of 
magnetic induction in samples of stainless steel. 


smaller than the sample required by the standard 
ASTM-type low permeability permeameter. An ap- 
paratus, shown schematically in Fig. 2, was designed 
and adapted to small coin-shaped specimens. Its 
operation is described subsequently. 

With the magnetizing coils excited with direct cur- 
rent, insertion or removal of the coin-shaped speci- 
men from the air gap results in a change in the 
magnetic flux through the pickup coils which are 
connected to a Grassot-type fluxmeter. It may be 
assumed that the magnetomotive force acting on the 
magnetic circuit is unchanged by insertion of a speci- 
men but that a change in the flux through the circuit 
results due to the change in the reluctance of the 
air gap. If the magnetic flux is ¢ and the cross- 
sectional area of the air gap (and also of the speci- 
men) is A, the magnetic induction in the air gap is 

[6] 

Neglecting the susceptibility of the air displaced 
upon insertion of a specimen, the change in flux 
caused by insertion of a specimen is* 


* This assumes the specimen thickness to be equal to the air-gap 
width, as was the case. 


Ag = A(4zI) [7] 


in which I is the intensity of magnetization in the 
specimen. If N is the number of turns on the pickup 
coils and C is the fluxmeter constant in flux link- 
ages per centimeter of deflection, the fluxmeter de- 
flection d resulting from a flux change Ad is 


Ch = Ad 8 
Then 
47I = 9 
A NA [9] 


Although absolute values cannot be assigned easily 
to either B or H because of flux leakage in the mag- 
netic circuit, the usefulness of the apparatus does not 
suffer in that relative magnetic properties of dif- 
ferent specimens may be measured easily with con- 
siderable sensitivity and reproducibility. 

The quantity 4zI is the sum of the quantity af, as 
defined previously, and of the paramagnetic contri- 
bution which is proportional to the magnetizing field. 
By plotting fluxmeter deflection for a given specimen 
against the air-gap fieldt and extrapolating the upper 


+ Measured with the specimen removed. 


portion of the curve back to zero field as is done in 
Fig. 1, the deflection due to af alone may be obtained. 
If this extrapolated deflection is called d’, the frac- 
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tion of ferrite in the given sample is 


[10] 
Preparation of Specimens 

The specimens used in this work were disks of 
0.787 in. diam and 0.125 in. thickness. The starting 
material for these specimens was a plate of type 347 
stainless steel 3g in. thick. Chemical analysis showed 
the alloy to contain the following: 0.041 pct C, 0.091 
pet Co, 0.045 pct Ta, 0.52 pct Cb, 10.9 pct Ni, 20.5 pct 
Cr, and 1.49 pect Mn. This stock was annealed at 
1950°F, water quenched, and then cut into strips 
approximately 2 in. wide. 

These strips were milled down to different thick- 
nesses and then were cold rolled to 1% in. thickness. 
By this procedure, the strips were subjected to dif- 
ferent degrees of cold reduction. Disk-shaped speci- 
mens were then carefully machined from the cold- 
rolled sheet material. These specimens were etched 
to remove oxide and surface material which was cold 
worked as a result of machining. After identifying 
each specimen with an etched number, all specimens 
were weighed and pre-irradiation magnetic measure- 
ments were made. 

Irradiation 

The specimens were irradiated in sealed aluminum 
containers which were inserted in the active part of 
the reactor and cooled by the reactor cooling water. 
Three of the containers were irradiated for different 
lengths of time between uranium fuel slugs in a 
Hanford reactor. A fourth, larger, container was 
irradiated in the active lattice of the Materials Test- 
ing reactor. In all, 41 specimens representative of 
the different metallurgical treatments were irra- 
diated. After the usual cooling periods following 
irradiation, the containers were opened and the speci- 
mens subjected to postirradiation measurements. 


Results 

The results of the magnetic measurements are 
given in Table I. Initial saturation induction values 
were obtained, as is shown in Fig. 3, from plots of 
fluxmeter deflection vs air-gap field by the extra- 
polation process described for a B-H plot. In each 
ease the plot used represented the average char- 
acteristics of a group of six specimens with a par- 
ticular cold-work history. Because of the form of 
a B-H curve, measurement of a change in B (ie., 
fluxmeter deflection) at a single H value in the sat- 
urated portion of the curve is sufficient to determine 
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- Fig. 3—Typical curves show determination of initial saturation 
induction. 
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Table |. Radiation Stability of Type 347 Stainless Steel 
Initial 
Saturation Saturation 
Induc- Induction, Ferrite 
Cold Exposure, tion, Ar- Increase Estimated Increase 
Work, Kw-hr Per  bitrary Due to Initial Fer- Due to 
Pct RA* Sq Cm Units Irradiation rite, Pct Irradiationt 

0 1.8 2:5** 0.17 0.02** 0.001 

0 4.1 2.5 0.327 0.02 0.002 

0 6.5 2.5 0.40 0.02 0.003 

0 110 2.5 0.30 0.02 0.002 
10.0 1.8 3.45 0.307 0.03 0.002 
10.0 4.1 3.45 0.26 0.03 0.002 
10.0 6.5 3.45 0.59 0.03 0.005 
10.0 110 3.45 0.50 0.03 0.004 
19.8 1.8 5.45 0.19 0.04 0.002 
19.8 4.1 5.45 0.35 0.04 0.003 
19.8 6.5 5.45 0.64 0.04 0.005 
19.8 110 5.45 0.95 0.04 0.008 
32.5 1.8 11.0 0.65 0.09 0.005 
32.5 4.1 11.0 0.85 0.09 0.007 
32.5 6.5 11.6 1.52 0.09 0.012 
32.5 110 11.0 2.447 0.09 0.020 
38.8 1.8 14.0 0.75 0.11 0.0U6 
38.8 4.1 14.0 1.35 0.11 0.011 
38.8 6.5 14.0 2.87 0.11 0.023 
38.8 110 14.0 3.547 0.11 0.029 
50.2 1.8 22.9 0.91 0.19 0.007 
50.2 4.1 22.9 2.45 0.19 0.020 
50.2 6.5 22.9 2.81 0.19 0.023 
50.2 110 22.9 7 0.19 0.057 


* RA is reduction in area. 

** See discussion on estimation of ferrite. 
+ May be in error by +0.3 unit. Others probably good to +0.1 unit. 
$ Percentage of volume of sample. 


the corresponding change in the intercept of the 
extrapolated curve. Hence, the increase in satura- 
tion induction due to irradiation is equal to the dif- 
ference between pre-irradiation and postirradiation 
fluxmeter deflections at constant air-gap field (in 
this case 9500 oersteds) for a particular specimen. 
The increase tabulated is in each case the change 
experienced by an individual specimen or, if two 
specimens of that particular history are irradiated, 
it is the average for the two. 

Exposures are given in terms of integrated neutron 
energy flux in kilowatt-hours per square centimeter, 
ie., the total energy of the neutrons which passed 
through unit area of sample during the irradiation. 
It may be reasonably assumed that the effect of 
neutron irradiation will be proportional to the num- 
ber of neutrons which passed through the sample 
and to the energy of these neutrons. If the neutron 
energy spectrum in a particular reactor is described 
by the function ¢(E), which is the flux of neutrons 
per unit energy at energy E, the effect of neutrons 
with energy between E — % dE and E + \% dE will 
be proportional to E¢(E)dE. The total effect of neu- 
trons of all energies will be proportional to the 
integral 


E¢(E)dE 


in which EF, is the minimum energy a neutron can 
possess and still produce an effect on the sample 
material. When multiplied by the exposure time, 
this integral gives the integrated neutron energy flux 
which has been chosen as the unit of exposure. 

It will be noted from Table I and from Fig. 4 
that the change in saturation induction resulting 
from irradiation increases with increasing exposure 
and with increasing severity of pre-irradiation cold 
work. 


Estimation of Ferrite 
Aborn and Bain’ measured the magnetic satura- 
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tion induction of specimens of an 18-8 type stainless 
steel which had been sufficiently cold worked that 
95 pet of the austenite was transformed to ferrite. 
They obtained a value of 13 kilogauss. Using this 
value for the saturation induction of ferrite and the 
known physical constants of the magnetic apparatus, 
the initial ferrite contents of the irradiation speci- 
mens were estimated and are given in Table I. These 
estimates should be relatively correct but, consider- 
ing the incomplete knowledge of the magnetic prop- 
erties of the dispersed ferritic phase, they may be 
incorrect in absolute value by perhaps an order of 
magnitude. However, the ferrite values obtained 
seem reasonable and are consistent with the low 
value (u = 1.013 for 50 pct cold reduction) for the 
magnetic permeability of similar specimens obtained 
by binding some 30 identical specimens together with 
cellulose tape and measuring the resulting stack in 
a standard ASTM-type permeameter. 

The values given in Table I for initial saturation 
induction and initial ferrite content in the case of 
specimens with no cold work were obtained by extra- 
polation. Due to an unfortunate oversight, the con- 
trol specimens were not included in the heat treat- 
ment given the specimens which were to be cold 
worked. As a result, it was necessary to carry out 
a separate heat treatment in order to obtain un- 
worked specimens. Although this heat treatment was 
within the limits of experimental error, identical to 
that given the cold-worked specimens, the unworked 
specimens exhibited slightly higher saturation in- 
duction than did specimens which had received 10 pct 
cold reduction. Unworked specimens from a third 
heat treatment behaved in the same manner. How- 
ever, the fact that the unworked specimens showed 
a smaller increase in saturation induction as a result 
of irradiation than did those which had had 10 pct 
cold reduction leads to the belief that the initial 
ferrite content of the unworked specimens was less 
than that of the cold-worked specimens and that the 
anomalous initial saturation induction values were 
probably due to difference in specimen surface con- 
dition. Since cold work markedly increases the rate 
of solution of metals, it is quite possible that the 
etching treatment adequate for removal of the oxide 
film from cold-worked specimens was not sufficient 
to remove all the oxide from unworked specimens. 
There is no reason to believe that the saturation in- 
duction values obtained were influenced by varia- 
tions in texture because, at the high magnetizing 
fields used, variations:in susceptibility with crystal- 
lographic direction would have disappeared. 
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Fig. 4—Effect of irradiation on magnetic saturation induction of 
type 347 stainless steel is illustrated. 
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The fact that the change in ferrite content due to 
irradiation increased with increasing initial ferrite 
content indicates that the effect of irradiation is to 
enhance the growth of existing ferrite nuclei rather 
than to cause the appearance of new ferrite nuclei. 
This hypothesis is also supported by the fact that in 
the case of specimens with 50.2 pct cold reduction a 
seventeen-fold increase in exposure (from 6.5 to 110 
kw-hr per cm sq) resulted in but a two or threefold 
increase in ferromagnetic induction, indicating that, 
as the available supply of ferrite nuclei becomes 
exhausted, the effect of additional irradiation dim- 
inishes. Aborn and Bain’ found a similar behavior 
upon annealing their specimens of cold-worked 18-8 
type stainless steel, i.e., at annealing temperatures 
below the temperature of austenite stability, an in- 
crease in ferrite content which was proportional to 
the initial ferrite content of the specimens was ob- 
served. They attribute the increase in ferrite upon 
annealing to the relief of stresses which permits 
growth of the existing ferrite nuclei. It seems likely 
that the same mechanism is operative in the case of 
neutron-induced changes in ferrite content. 

The possibility that the effect observed in the 
present work is a thermal rather than an irradiation 
effect seems very remote for the following reasons: 
1—computations based on the knowledge of y-ray 
heating in the reactors concerned indicate that at all 
times during the irradiation period the central tem- 
perature of the stainless steel specimens was not 
more than 100°C, and 2—annealing experiments 
with similar specimens indicate that no increase in 
ferrite content is to be expected at these tempera- 
tures. Although Aborn and Bain did not anneal 
specimens of as low an initial ferrite content as those 
used in the present work, their results indicate that 
the effect of annealing such specimens, especially at 
low temperatures, should be negligible. 


The ferrite content of unirradiated metal which 
had received a 50.2 pct cold reduction was estimated 
to be only 0.19 pct and after the maximum irradia- 
tion this value increased to perhaps 0.25 pct. Since 
the densities of pure austenite and pure ferrite of 
the same chemical composition differ by only a few 
percent, any density change resulting from irradia- 
tion-produced ferrite should be negligibly small. 
Weston® reports increases of about 0.025 pct in the 
length of type 347 stainless steel rods after irradia- 
tion in the NRX reactor for approximately one 
month, but dimensional changes of this magnitude 
could result from irradiation-induced relief of resi- 
dual stresses in the specimens. There is no evidence 
that a density change occurred, since Weston did not 
measure the diameters of his specimens after irra- 
diation. 


Leeser® has recently reported the results of tests 
on several types of austenitic stainless steels after 
irradiation. His measurements show a density de- 
crease of 0.09+0.025 pct for specimens of type 347 
stainless steel after irradiation to an exposure esti- 
mated to be roughly twice the maximum attained 
in the authors’ work. There is no reason to believe 
that this density decrease is uniquely related to de- 
composition of austenite, since similar decreases 
were reported for other metals not related to the 
austenitic stainless steels. Leeser* also reports re- 
sults of magnetic measurements on several types of 
stainless steel after irradiation. His work indicates 
that type 309 stainless steel (25 pct Cr, 12 pct Ni) 
is more stable toward irradiation than are the 18-8 
types but, since no details of sample preparation or 
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of the conditions under which the magnetic suscepti- 
bility tests were made are given, it is not possible 
to attach any significance to the individual data 
given for the latter alloys. 


Conclusions 

Measurement of the ferromagnetic saturation in- 
duction of type 347 stainless steel before and after 
irradiation in a nuclear reactor indicates that a slight 
increase in ferrite content results from neutron bom- 
bardment. This change in ferrite content increases 
with increasing initial ferrite content and with in- 
creasing irradiation up to a saturation point beyond 
which additional irradiation produces little effect. 

Because of the low ferrite content of this stainless 
steel even after 50 pct cold reduction, it is believed 


that the fractional increase in ferrite content result- 
ing from irradiation is much too small to account for 
any significant change in the density of the metal. 


Discussion of this paper, if any, will appear in 
JOURNAL OF METALS, November 1955, and in AIME 
Metals Branch Transactions, Vol. 203, 1955. 
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Technical Note 


Some Observations on Isotherma! Austenite Transformation 
Near the M, Temperature 


by O. Schaaber 


HE existence of isothermal martensite without 

the presence of the athermal form thus far has 
been established only in a 6 pct Mn, 0.6 pct C steel’ 
and a 23 pct Ni, 3.5 pet Mn-Fe alloy.” * Theoretical 
calculations, moreover, predict this phenomenon to 
be observable only within narrow composition limits.’ 
In all other steels, it is generally considered that 
martensite inevitably forms upon cooling below the 
M, temperature. Even the possibility of isothermal 
martensite transformation has been questioned for 
the common steels, although Averbach and Cohen’ 
showed that martensite formation does not stop when 
the cooling is arrested and that as much as 5 pct 
retained austenite may transform isothermally to 
martensite at room temperature. 

This note presents some observations made on a 
number of low alloy steels by dilatometric and in- 
ductive measurement of isothermal austenite trans- 
formation at various temperatures close to the M,. 

In the dilatometer studies reported previously, 
austenitized specimens were immersed in a salt bath 
maintained at proper temperature and immediately 
inserted into the dilatometer®* already at thermal 
equilibrium with the bath. The dilation was read on 
a dial gage divided into 0.001 mm intervals. Induc- 
tion measurements were made with a separate excita- 
tion source and a test coil, sealed together in a salt- 
tight case. The increase in the induced voltage caused 
by the transformation products was recorded at a 
paper speed of 4 mm per sec. 

The steels studied are listed in Table I. Specimens 


O. SCHAABER, formerly associated with Siegfried Junghans, 
Schorndorf Wiirt, and Institut fiir Metallphysik am Kaiser-Wilhelm- 
Institut fiir Metallforschung, Stuttgart, is associated with Institut 
fiir Harterei-Technik, Bremen, Germany. 

TN 263E. Manuscript, Sept. 2, 1953. 


TRANSACTIONS AIME 


Table |. Analyses of Steels 


No Cc Si Mn P Ss Cr Vv 
1 0.89 0.36 0.30 — 0.018 1.28 _ 
2 1.08 0.29 0.41 0.030 0.012 1.43 — 
3 0.36 0.33 1.71 0.025 0.030 0.16 0.12 
4 0.43 0.22 1.82 0.030 0.014 0.08 0.16 
5 0.82 1.86 0.82 0.023 0.006 oe — 


prepared from steels 1 and 2 were in the form of 
hollow cylinders 60 mm long, 10 mm ID, 14 to 16 
mm OD, while specimens of steels 3 and 4 were 
in the form of notched-bar impact test specimens, 
DVM type. Specimens of steel 5 were in the form 
of strip, 7x0.3 mm. 

In the bainitic range, curves representing the 
amount of transformation vs log time have a single 
step appearance, as is shown by the curve of iso- 
thermal transformation at 320°C in Fig. 1.5 Trans- 
formation proceeds in accordance with the Austin- 
Rickett equation® 


=k? 
TOO 


where P is the percentage of transformed austenite, 
t is time, and k and n are constants. 

Near the M, temperature, however, complex curves 
having two steps are observed. As shown in a pre- 
vious paper’ for steel 3 isothermally transformed at 
245°C, such complex curves can be separated into 
two separate transformations or reactions each fol- 
lowing the Austin-Rickett equation. The values of 
n in the equation for a number of such two-step 
transformations are listed in Table II for steel 1. 

At transformation temperatures of 250° and 
235°C, evidence of a second transformation is very 
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Table Il. Steel No. 1: Values for n in the Austin-Rickett Equation 


Transformation (n) 


Austenitizing Holding 

Temperature, °C Temperature, °C First Second 

( 320 — 3.5 

260 — 3.5 

250 5.8 

4.2 207 

4.2 2.5 

860 235 42 2:9 

4.6 

4.9 PAS} 

3.9 2.6 

215 — 2.4 

110 2.0 _ 

240 1.9 

230 1:8 


faint, but at lower temperatures, i.e., 215°C, the two 
transformations are clearly visible, as shown in Fig. 
1. An attempt to follow the initial stage of trans- 
formation at still lower temperatures by dilatation 
curves at 180°, 158°, 140°, and 110°C showed a 
rapid, time-dependent reaction.” 

The highest temperature at which the transforma- 
tion curves become complex and the transformation 
rates of both the first and second reactions are in- 
fluenced by the austenitizing temperature. Higher 
austenitizing temperatures appear to depress the 
temperature for the appearance of two-step curves 
and decrease the rate of reaction. Considerable scat- 
ter in the n values for a number of specimens trans- 
formed at 235°C may be due to small variations in 
the austenitizing temperatures of the different speci- 
mens. 

The temperature of isothermal transformation and 
the chemical composition also influence the initial 
transformation in the two-step curve. At 235°C, for 
example, initial transformation was complete in ap- 
proximately 20 min, while it required approximately 
200 sec and 110 sec at 215° and 110°C, respectively. 
Similarly, the variation in composition from steel 2 
to steel 1 decreased the time for 50 pct transforma- 
tion at 110°C from approximately 45 sec for steel 2 
to 22 sec for steel 1. 

Two-step curves near the M, temperature have 
been observed in a number of other steels as well. 
A recently published curve” of the Mn-V steel (No. 4) 
showing isothermal transformation at 179°C clearly 
shows evidence of two isothermal reactions. The 
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Fig. 1—Steel No. 1 (0.89 pct C, 1.28 pct Cr) austenitized at 860°C 
for 20 min shows increase in length with time at various transforma- 
tion temperatures. 
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Fig. 2—Steel No. 5 (0.82 pct C, 1.86 pct Si) austenitized at 950°C 
for 2 min in a controlled atmosphere furnace shows increase in in- 
duced voltage with time at various transformation temperatures. 


initial reaction begins at approximately 2 sec and is 
complete at approximately 10 min. Furthermore, it 
closely follows the Austin-Rickett equation (n = 2), 
except in the final stages of transformation. 

Because a portion of the observations presented 
might be explained by an assumption that the speci- 
mens were not at thermal equilibrium at the begin- 
ning of transformation, an attempt was made to 
eliminate this possibility with further tests on the 
thin strips of steel 5. Unfortunately, the thin strip 
form of this steel did not make dilatometric meas- 
urements feasible. Therefore, the inductive device 
previously mentioned was used. Transformation vs 
log time curves for five isothermal transformation 
temperatures are shown in Fig. 2. The data shown 
are an average of at least two curves recorded at 
each temperature. All these curves clearly indicate 
a time-dependent, i.e., isothermal, reaction. 

Any interpretation of the observations presented 
on the basis of athermal martensite formation” seems 
improbable because: 1-—the initial reaction in the 
two-step curve is time dependent; 2—good agree- 
ment exists between the observed curves for the 
initial transformation and the Austin-Rickett equa- 
tion; and 3—the same initial time is required for 
both reactions at the highest temperatures where 
complex or two-step curves are observed. Thus, 
while in this note the expression isothermal mar- 
tensite has not been used for the reaction referred 
to as initial transformation, it is felt that this desig- 
nation might be correct. 
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Impact of Magnetism Upon Metallurgy 


by C. Zener 


T HE present paper has its origin in an attempt 
by the author, extending over the last several 
years, to understand the influence of the magnetic 
properties of the constituent atoms upon the various 
properties of metals and alloys. During this study 
the author has been impressed by the important role 
which magnetism plays in the many facets of metal- 
lurgy. In writing this paper he has attempted to 
convey to his colleagues some concept as to the role 
magnetism will play in the future development of 
metallurgy. In some of the subjects herein dis- 
cussed, such as the influence of magnetism upon 
phase boundaries and upon mechanical properties, 
only general thermodynamical properties associated 
with ferromagnetism are introduced. For these sub- 
jects, it is not anticipated that any serious differ- 
ences of opinion will be encountered. A discussion 
of the other subjects requires the adoption of a 
quite specific model of the magnetic structure of the 
metal. This model is discussed under “Magnetic 
Shells and Their Interactions.” The simple model 
adopted in this paper has been criticized’ as being 
mathematically inconsistent. This criticism has been 
ably silenced by Dr. W. J. Carr® of this laboratory. 
The simple model adopted in this paper has been 
criticized as being inconsistent with observations on 
magnetic structure using neutron diffraction. This 
apparent discrepancy has been resolved by Bader® 
who has shown that the finite velocity of neutrons 
prevents neutron beams from detecting the anti- 
ferromagnetic structure of the type predicted by the 
simple model adopted in this paper. 


Magnetic Shells and Their Interactions 

An electronic shell of an atom is specified by two 
symbols.‘ The first symbol is a number and denotes 
the total quantum number of the shell. The second 
symbol is a letter and denotes the orbital angular 
momentum of each electron within the shell. The 
letters s, p, d, f are used to denote an orbital angular 
momentum of 0, 1, 2, 3, respectively, in units of 
h/2m, where h is Planck’s constant. As we pass from 
scandium to nickel in the first transition period, we 
gradually fill the 3d shell. This shell is responsible 
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Table I. Outer Shells of Isolated Atoms of the First Transition Row 


K Ca Se Ti Vv Cr Mn Fe Co Ni Cu 


4s 4s2 3d4s2 3d24s? 3d34s2 3d54s 3d54s2 3d%4s2 3d74s2 3d84s2 3d104s 


for ferromagnetism and hence may be called the 
magnetic shell. The component of the orbital angu- 
lar momentum along some specified direction must 
be an integral multiple of h/27. Thus, for a d elec- 
tron this component can have any one of the values 
—2, —1, 0, 1, 2 times h/2z. In addition to its orbital 
angular momentum, each electron has an intrinsic 
angular momentum, hereafter called spin, due to a 
rotation about its own axis. This spin can have 
either of two components +% (h/2z7) or (h/2z) 
along the specified direction. A fundamental prin- 
ciple of atomic structure, known as Pauli’s exclu- 
sion principle, is that no two electrons in a given 
shell may have identical components of orbital 
angular momentum simultaneous with identical 
components of spin. The 3d shell thus may have at 
most ten electrons. Since an intrinsic angular mo- 
mentum of a charged particle is necessarily asso- 
ciated with a magnetic moment, the spin of an elec- 
tron may be thought of as referring to either this 
angular momentum or to the associated magnetic 
moment. 

The electron configuration of the ground state of 
the isolated atoms in the first transition row is re- 
produced in Table I. The superscript represents the 
number of electrons in each shell. 

For the purpose of this paper, the most important 
principle of atomic structure relates to the manner 
in which electrons are added to a shell as the atomic 
number is increased. This principle, commonly 
known as the principle of highest multiplicity or 
more simply as Hund’s rule, states that within a 
given shell the maximum number of electrons have 
spins pointing in the same direction as is consistent 
with Pauli’s exclusion principle. An application of 
this principle to the d shell is illustrated in Fig. 1, 
where the spin structure is given for shells contain- 
ing from 1 to 10 electrons. 

The physical basis of Hund’s rule is the exchange 
energy discussed first by Heisenberg in 1928. This 
is a coupling between electrons with parallel spins 
(spins pointing in the same direction), the coupling 
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being zero for electrons with antiparallel spins 
(spins pointing in opposite directions). This ex- 
change energy is negative for electrons in the same 
atom and hence leads to a minimum energy when 
the maximum possible number of spins are parallel. 
The value of this exchange energy in specific shells 
of specific atoms may be deduced from the tables in 
ref. 5. For the d shells, this exchange energy is about 
—0.6 ev per pair of parallel spins. Thus 2.5 
ev are required to reverse one of the five 
parallel spins in the d shell of chromium. An ap- 
parent anomaly in Table I may be explained by this 
exchange coupling. Following potassium, all atoms 
have two electrons in the 4s shell, save chromium 
and copper. If chromium were to have two electrons 
in the 4s shell, its d shell would have four electrons 
with parallel spins. In order to take advantage of 
the exchange coupling with these four electrons, one 
of the two 4s electrons is demoted from the 4s shell 
into the 3d shell. A similar demotion occurs in cop- 
per in order to take advantage of an exchange 
coupling with four electrons with parallel spins in 
the d shell. 

The foregoing interpretation of the anomaly in 
chromium and in copper may be described more 
vividly as a tendency to form closed half d shells. 
A closed half d shell refers to five electrons in a d 
shell, all five electrons having parallel spins and 
therefore all five permissible values of orbital angu- 
lar momentum components. A tendency to form 
closed half shells implies a reluctance to start a new 
half shell. This reluctance is, in fact, quite real; the 
energy required to demote one of the two 4s elec- 
trons into the first half d shell decreases from 2.5 
ev in calcium to 0.3 ev in vanadium and again, to 
demote one of the two 4s electrons into the second 
half d shell, decreases from 2.1 ev in manganese to 
0.02 ev in nickel.’ 

The charge distribution within the d shell of Cu* 
has been calculated fairly accurately® and is repro- 
duced in Fig. 2. The ordinate in this figure, the 
radial charge density p, is defined such that pdr is 
the charge lying between r and r + 6r. In order to 
illustrate the small overlap of the d shells in a 
metal, we show in this figure the radius of a copper 
atom, the radius being defined as half the closest 
distance between atoms in the metal. As we pass 
to the left from copper along the first transition 
row, the effective charge in which each d electron 
moves decreases and hence the radial charge density 
of the d shell expands. Since the direct interaction 
between neighboring d shells is proportional to the 
amount of overlap of the d shells, we are particu- 
larly interested in the manner in which the radial 
charge density decreases with radius at values of 
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Fig. 2—Radial charge density of Cu* is represented. 


the radius comparable to that of the metal atoms. 
Toward this end, a second plot of the radial charge 
density is given in Fig. 3, this time on a semilog- 
arithmic scale. We see that, in the region of interest, 
the radial charge density decreases exponentially 
with radius. 

The calculation of the radial charge density pre- 
sents a formidable mathematical task. The calcula- 
tion of the interaction between two adjacent d shells 
is an order of magnitude still more difficult. A signif- 
icant insight into this interaction may be gained, 
however, from certain qualitative observations. This 
interaction between any two shells of adjacent atoms 
is represented as the sum of two parts. The first 
part, called the Coulomb interaction, is just the inter- 
action which would be computed classically. It gives 
rise to an attraction coming from the penetration 
of the negative charge of each shell! into the posi- 
tive potential within the other shell. This Coulomb 
interaction is independent of the spin structure of 
the two shells. The second part, the exchange inter- 
action, represents a coupling between the spins of 
electrons in neighboring shells. It was first discussed 
by Heitler and London in their quantum mechanical 
interpretation of the chemical bond.’ Strictly speak- 
ing, this exchange coupling exists only between elec- 
trons having spins pointing in the same direction. 
If it were not for the fact that this exchange energy 
has for the last 25 years been incorrectly taken as 
the origin of ferromagnetic coupling, we could 
merely state without discussion that this exchange 
energy is positive. 

In the early days of quantum mechanics, it was 
reasonably assumed that the coupling which aligned 
the d shell spins in iron, cobalt, and nickel arose 
directly from the exchange interaction between the 
d shells of adjacent atoms. But such a ferromagnetic 
coupling was possible only if the exchange inter- 
action were attractive. Since Heitler and London 
had pointed out that the very existence of a chem- 
ical bond depended upon the exchange interaction 
being repulsive, it was assumed that the exchange 
integral becomes attractive only when the overlap 
of the d shells is very small, as is the case in iron, 
cobalt, and nickel. A large literature has been built 
upon this concept of a change in sign of the exchange 
integral with amount of d shell overlap. Several 
years ago, however, it was recognized that the ferro- 
magnetic coupling arises from an indirect exchange 
via the conduction electrons,“ an exchange which 
does not require an overlap of adjacent d shells. The 
necessity for the assumption of a change in sign of 
the exchange integral with decreasing amount of 
overlap thereby was eliminated. 

In view of the importance of the exchange inter- 
action between adjacent d shells. to the metallurgy 


TRANSACTIONS AIME 


Fig. 1—In the diagram, the spin structure is given for d shells con- 
taining from 1 to 10 electrons. 


of the transition metals and in view of the argu- 
ments between theorists even as to the sign of this 
interaction, it is fortunate that a fairly direct ex- 
perimental approach to this problem may be adopted. 
In this approach, one used extensively”™ in studies 
of diffusion mechanisms, we utilize the information 
furnished by the elastic constants of the metal crys- 
tals. Now if the energy of a face-centered-cubic 
or body-centered-cubic crystal could be expressed 
solely as a sum of central force interaction between 
pairs of atoms, the Cauchy relation” ™ 


would be satisfied. In crystals such as nickel and 
copper, C,, is more than twice C,,. The physical origin 
of this discrepancy lies, no doubt, in the energy of 
the conduction electrons, an energy which essen- 
tially is dependent only on the volume. Our ap- 
proach consists of expressing the energy of the crys- 
tal in the form 


where, corresponding to the exponential decrease in 
radial charge density previously discussed 


V(r) = A 


r, being the distance between nearest neighbors 
under equilibrium conditions, and where ¢ is some 
function of the dilation 6. The two constants A and 
8 are completely determined by the two shear elas- 
tic coefficients Cy, and (Ci, — C,.)/2. When this cal- 
culation is carried out for nickel and copper, the 
coefficient A is found to be positive. But a positive 
A corresponds to a repulsion between the atoms and 
hence to a repulsive exchange interaction. 


Influence of Magnetism Upon the Phase 
Boundaries of Binary Iron Alloys 


Alloying elements in iron may be classified into 
two groups, those which close the y field and those 
which open the y field. The elements in the first 
group, namely those forming y loops, are found in 
two regions of the periodic table, as indicated in 
Table II. 

There is a temptation to interpret the effect of 
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Fig. 3—Radial charge density of Cu*, given in Fig. 2, has been 
plotted on a semilogarithmic scale. 
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alloying elements upon the y field as simply reflect- 
ing the difference in the standard free energy of 
the alloying elements in the two phases. If this free 
energy is lower in the a phase, this phase will be 
favored by the alloying element, thereby leading to 
a closed y field. If this free energy is lower in the 
y phase, this phase will be favored by the alloying 
element, thereby leading to an open y field. Several 
writers, including the present author, in fact have 
discussed the details of the binary iron diagrams 
from this point of view. 


Table Il. Elements which Close the y Field 


Ti Vv Cr Be Be Al Si Pp 
Cb Mo Ge As 
Ta Ww Sn Sb 


* Loop would be closed if not stopped by intermetallic com- 
pound. 


At least for those elements in the vanadium and 
chromium columns, the foregoing naive interpreta- 
tion is in direct conflict with observations as to the 
effect of these elements upon the M, temperature. 
If the standard free energy of molybdenum, for 
example, is lower in the a than in the y phase, then 
we would expect molybdenum to raise the M, tem- 
perature; whereas, in fact, it lowers this tempera- 
ture. Of course, one could dismiss this discrepancy 
with the observation that martensite does not form 
reversibly and, hence, equilibrium requirements 
should not be considered. The present writer pre- 
fers not to adopt this negative approach. The M, 
temperature, the highest temperature at which mar- 
tensite may be induced by plastic deformation, may, 
in fact, be regarded as that temperature at which 
the y and the a phase of the same composition are 
in equilibrium with one another. The M, tempera- 
ture lies above the M, temperature by an amount 
which is nearly independent of composition, namely, 
about 200°C. We therefore expect that changes in 
the M, temperature induced by alloying elements 
will reflect, in fact, a like change in the true equi- 
librium temperature for a transition involving no 
change in composition. 

The observations upon the effect of the vanadium 
and chromium column elements upon the y field and 
upon the M, temperature can both be interpreted 
only if we assume that the standard free energy 
difference of these elements in these two phases 
changes with temperature, at low temperatures be- 
ing lower in the y phase, at higher temperatures 
being lower in the a phase. Now the heat absorp- _ 
tion with the loss of magnetization in the neighbor- 
hood of the Curie temperature is many times larger 
than the heat absorbed in the a-y transformation 
at 910°C in pure iron. We therefore anticipate that 
the influence of the alloying elements upon the 
magnetic properties of a iron may play a dominant 
role in the difference in standard free energy of 
these elements in the two phases of iron. In par- 
ticular, we hope that through their influence upon 
the magnetic characteristics we may understand the 
temperature dependence of the standard free energy 
difference. 

In order to understand the influence of the alloy- 
ing elements upon the magnetic characteristics, we 
shall study in detail the differences in free energy 
between the a and the y phase of pure iron. We 
shall denote by G* and G” the (Gibbs’) free energy 
per mol in pure iron of the a and y phases, respec- 
tively. The difference G* — G” has been computed 
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by Johansson” for the entire temperature range up 
to the melting point of iron. His data are plotted 
in Figs. 4 and 8 for temperatures above 100°C. The 
relation of the G* — G’ vs T curve to the phase dia- 
grams may be expressed most succinctly through 
equiconcentration curves. The usual curves in a 
phase boundary give the concentration of two phases 
which are in complete equilibrium with one another, 
both with respect to a transfer of solute and of sol- 
vent atoms. The equiconcentration curves give the 
concentration at which two phases are in equi- 
librium with one another, the constraint being im- 
posed that the two phases are to be at the same 
concentration. Thus a plot of M, vs concentration 
would form an equiconcentration curve. These 
curves always lie within the two-phase region of 
a true equilibrium diagram. Now suppose that we 
add to one mol of pure iron C mols of a solute, 
where C is small compared with unity. Let us fur- 
ther suppose that the attendant increase in free 
energy of the system is greater when the system 
is in the a than in the y phase and that this increase 
is independent of temperature and is proportional 
to C. The constant of proportionality then will be 
the one parameter which completely characterizes 
the alloying element. The effect of the solute addi- 
tion upon the G* — G’ vs T curve is then as repre- 
sented in Fig. 5. The G* — GQ’ curve is displaced 
horizontally to the right by an amount proportional 
to C. The intercepts of the new G* — G’ curves with 
the vertical axis give the new temperatures at which 
the a and y phases are in equilibrium, both at the 
concentration C. A plot of these new intercepts vs C 
thus gives us the equiconcentration curves. Actually 
the equiconcentration curves are identical, apart 
from the scale of the horizontal axis, to the G* — G” 
vs T curve for pure iron outside the tempera- 
ture interval from 910° to 1400°C, since according 
to our assumption G* — G’ is displaced horizontally 
by an amount proportional to C. Similarly, in the 
case where the attendant increase in the free energy 
of the y phase is greater than that of the a phase, 
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Fig. 4—Free energy difference between a and y iron is plot- 
ted from the data of Johansson.” 
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Fig. 5—Effect of a y field opener, according to one parameter 
theory, is illustrated. 


the G* — G’ vs T curve is displaced horizontally to 
the left, as illustrated in Fig. 6, and the equicon- 
centration curve with a closed loop is identical, 
apart from the scale of the horizontal axis, to the 
G* — GQ’ vs T curve for pure iron within the tem- 
perature interval from 910° to 1400°C. We review 
in Fig. 7 the equiconcentration curves of binary iron 
alloys as derived according to the simple one para- 
meter theory that alloying elements add to G*— G’ 
an increment which is independent of temperature. 

We have previously seen that the effect of ele- 
ments of the vanadium and chromium columns upon 
the G* — G” curve cannot be represented merely by 
a horizontal shift of this curve. Such a shift would 
automatically associate a raising of the M, tempera- 
ture with the addition of an element that closed the 
y field. In order to find how we can represent more 
appropriately the effect of alloying elements upon 
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Fig. 7—Relation of equiconcentration curves to G*-G” for pure 
iron according to simple one parameter theory is reviewed in 
this figure. 


the G* — G’ curve and, in particular, how we can 
most appropriately introduce a second parameter, 
we must understand the general characteristics of 
the G* — G’ curve itself. 

From 100° to 500°C, the G* — G’ curve is essen- 
tially a straight line. Beyond 500°C this curve grad- 
ually acquires a negative second derivative which 
gradually reaches a maximum in the neighborhood 
of the Curie temperature at 760°C. It is just be- 
cause of this curvature that the G* — G” curve re- 
verses its direction with increasing temperature, 
crossing the vertical axis a second time, and thereby 
giving rise to the y-a transition at 1400°C. Now 
the slope d(G* — G’)/dT is —(S* — S”), where 
S* and S’ are the entropies per mol of the a and y 
phases, respectively. The second derivative 
d?(G* — G’)/dT’ is —(C*—C’)/T; C* and C” are the 
thermal capacities per mol of the a and y phases, 
respectively. A negative curvature therefore im- 
plies either an anomalously low thermal capacity 
of the y phase or an anomalously high thermal 
capacity of the a phase. Since anomalously low 
thermal capacities are not to be expected at these 
temperatures, the negative curvature must be due 
to an unusually high thermal capacity of the a 
phase. Since the negative second derivative has a 
maximum at the Curie temperature, we are led to 
ask whether all the curvature above 500°C may be 
blamed upon the uncoupling of the magnetic mo- 
ments of the individual iron atoms from one an- 
other. The slope of the G* — G” curve between 100° 
and 500°C is 1.41; the slope at the melting tempera- 
ture is —0.06 cal per mol °C. The negative of the 
total change in slope from 500°C to the melting 
point, which is just the increase in S* — S”’ from 
500°C to the melting point, is therefore 1.47 cal per 
mol °C. Now the increase in entropy associated 
with a complete uncoupling of the magnetic mo- 
ments of the individual iron atoms from one another 
is R In W per mol. Here R is the gas constant, 2 cal 
per mol °C, and: W is the ratio of the statistical 
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weights associated with a completely uncoupled and 
a completely coupled atomic moment. Since the 
individual atomic moments arise from the parallel 
coupling of two electron spins, W is the ratio of 
3 to 1. We thereby obtain for R In W the value of 
2.2 cal per mol °C. The potential change in entropy 
associated with magnetic uncoupling is thus more 
than enough to explain the observed change in S* — 
S” between 500°C and the melting temperature. 
From the observed change in entropy we must sur- 
mise, in fact, that even at the melting temperature 
a large amount of magnetic order persists.* 


* An analysis of the thermodynamic functions of iron more re- 
cent than that of Johannson has been given by L. S. Darken and 
R. P. Smith, Industrial and Engineering Chemistry (1951) 43, p. 
1815. Darken has informed the writer that the change in the slope 
of the G+*—Gy vs T curve between 100°C and the melting point of 
iron is 2.1 cal per mol °C, rather than the value 1.47 reported pre- 
viously. We therefore conclude that only a very slight magnetic 
order persists to the melting point. 


A somewhat similar interpretation of the phase 
change in iron, and of the effect of alloying elements 
thereon, has previously been proposed by Smolu- 
chowski.* In his theory Smoluchowski correctly in- 
terpreted the behavior of G* — G” as arising from 
differences in the electronic specific heats of the a 
and y phases but failed to recognize the relation of 
this difference to the magnetic uncoupling in the a 
phase. 

The realization that the curvature of the G* — G’ 
curve arises essentially only from the magnetic un- 
coupling in the a phase encourages us to investigate 
the potentialities of representing G* — G” as the 
sum of two parts, a nonmagnetic and a magnetic 
part, as in Fig. 8. The nonmagnetic part represents 
what G* — G’ would be if the magnetic moments 
of the individual atoms remained coupled to one 
another. It is given by the straight line 


(G* — G’) yy = 1.41 (T — 740) cal per mol. 


The magnetic part (G* — G”)»,, arises solely from 
the absorption of heat associated with the gradual 
uncoupling of the magnetic moments. It is zero be- 
low 500°C. 

This separation of G* — G” into two physically 
significant parts suggests that we may be able to 
describe adequately the effect of each alloying ele- 
ment by means of only two parameters characteristic 
of each element. One parameter will be taken to 
correspond to a horizontal shift of (G* — G”)wx by 
an amount proportional to the concentration C of 
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Fig. 8—Resolution of free energy difference of a and 7 iron 
(after Johansson”) into magnetic and nonmagnetic compo- 
nents is illustrated. 
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Fig. 9—Effect of al- 
loying elements is 

ATyorr represented paramet- 
rically. 


E 

the alloying element. Now a horizontal shift of a 
straight line is identical to a vertical shift. Such a 
vertical shift must, of course, be identified with the 
change in M, associated with the introduction of the 
alloying element. The vertical shift of (G* — G”) yu 
will thus be taken as ATyart C. The change AT wart 
in M, associated with unit concentration C thereby 
will be taken as one parameter characteristic of 
each alloying element. 

In choosing the second parameter we must ask 
ourselves what is the major influence of an alloying 
element upon (G* — G”) uaz. One important way in 
which an alloying addition affects the magnetic 
transition is to change the temperature range in 
which the magnetic uncoupling occurs. A simplified 
way of representing this effect is by a vertical shift 
of (G* — G”) saz by an amount proportional to C. The 
constant of proportionality will be denoted by AT waz 
and will be taken as our second parameter. 

A general survey of the effect of the two para- 
meters and upon the equiconcentration 
diagrams may best be portrayed by means of a dia- 
gram in which ATyart is the abscissa and ATy,. the 
ordinate, as depicted in Fig. 9. Point A at the origin 
will give equiconcentration boundaries as horizontal 
straight lines. A point on the positive horizontal 
axis, such as B, will give a closed y loop. The equi- 
concentration boundary will be of precisely the 
shape shown in the left half of Fig. 7, again the 
horizontal scale being dependent upon AT yar. The 
effect of going off the horizontal axis may be most 
succinctly described by proceeding along a line hav- 
ing a 45° slope, as from B to D. Along such a line, 
ATwarte ANd ATyaz are undergoing identical incre- 
ments. Now a simultaneous change in ATyart and 
in ATy.z by equal amounts results in vertical shift 
in G* — G’ and hence also in identical shifts in the 
equiconcentration boundaries, the amount of the 
shift being proportional to C. But a vertical shift 
in a phase diagram, the amount of the shift being 
proportional to C, may alternately be described as 
a simple shear parallel to the vertical axis. The 
shear will be upward for a point in the ATyar — 
ATwae Glagram above the horizontal axis, such as D, 
and downward for a point below the horizontal axis, 
such as E, 

The foregoing general discussion will now be fol- 
lowed by an analytical treatment for the case of a 
closed y field. This analysis leads to equations by 
means of which we may directly determine the 
parameters ATyar. and from the equiconcen- 
tration diagram, or vice versa. The two assumptions 
introduced previously lead to the following equa- 
tion as an expression of the condition that along an 
equiconcentration line a transformation from the y 


624—JOURNAL OF METALS, MAY 1955 


to the a phase leads to no change in the free energy 
of the system: 


(Gr G”) Mag — AT C} = 0 


where the quantity in a bracket is the argument of 
the preceding term. We shall find it advantageous 
to rewrite this equation in the following form 


[1] 
where s = d(G* — G’)xy/dT = 1.41 eal per mol °C. 
In the case of a closed y loop, Eq. 1 may be ex- 
pressed as 
a 
(GG) AT Ale Cae [2] 
(G* Vitex 
Thus, apart from a change of scale and apart from 
a shear along the T axis, a plot of C vs T is identical 
with a plot of G* — G’ vs T. This similarity is illus- 
trated in Fig. 10 for the case of chromium. Here, 
curve A is a plot of G* — G’ for pure iron as a func- 
tion of T. Corresponding to the experimental ob- 
servation that the y loop extends to a C of 13 wt pct, 
the C scale, placed on the bottom horizontal axis, 
has been adjusted so that the maximum extent of 
the loop occurs at 13. From Eq. 1 we find 


Upon taking for (G* — G”) max, 8, and Cyax, the values 
18.5 cal per mol, 1.41 cal per mol °C, and 13 wt pct,” 
respectively, we obtain for our particular case 


AT wart — AT wag = 1.0°C per wt pet. [4] 


Thus for this case, point B in Fig. 9 lies at a dis- 
tance of 1.0°C per wt pct to the right of the origin. 

The argument of G* — G’ in Eq. 2 is T — ATyaz C. 
The plot of C vs T thus corresponds to curve A 
sheared parallel to the T axis, the coefficient of 
shearing being just ATxa. The observed y loop of 
chromium has a minimum at 815°C. In order that 
curve A acquire such a minimum, it is necessary 
that it suffer the shear —20°C, thereby being dis- 
torted into curve B. We thus obtain 


AT wae = —20°C per wt pet 
and hence from Eq. 4 
AT wart = —19°C per wt pct. 


In terms of our Fig. 9, this shear corresponds to our 
moving from B toward E, a distance corresponding 
to a vertical drop of 20°C per wt pct. 


Table Ill. AT Parameters for Elements which Close the y Field 


. °C per Wt Pct °C per Atomic Pct 


ATMart ATMag ATMart ATMag 
Chromium —19 —20 —18 —19 
Molybdenum —10 —15 —17 —26 
Tungsten — 5 — 8 —17 —26 
Vanadium —35 —48 —32 —44 
Silicon 0 — 6 0 — 3 
Aluminum 30 17 15 8 


* After Hollomon and Jaffe. 


A crucial test may now be made as to how well 
our analysis corresponds to reality. If our method 
of representing the effect of an alloying element in 
terms of the two parameters ATuart and AT is 
essentially correct, we should be able to correlate 
these parameters with other types of experimental 
data. The first parameter ATu,.. is directly com- 
parable with experiments on the lowering of the 
martensite transformation temperature per percent- 


TRANSACTIONS AIME 


/ 


age of alloying element. Our value of —19°C for 
chromium is in excellent agreement with the ex- 
perimental value” of —20°C. Unfortunately the sec- 
ond parameter ATy.z is not subject to such direct 
experimental verification. The effect of alloying ele- 
ments upon the magnetic transformation cannot be 
represented precisely by a mere shift because alloy- 
ing elements tend to smear out the temperature 
range over which the transformation extends. A 
precise description of the effect of alloying elements 
upon the magnetic transformation would thus cer- 
tainly require more than one parameter. 

Only for the element chromium can we obtain 
both parameters ATuart and ATs: solely by use of 
the equiconcentration diagram. The other y field 
closers have y loops which extend an order of mag- 
nitude less than in the case of chromium. Their y 
loops are correspondingly less sensitive than that of 
chromium to a shear. In these cases we must take 
AT ware AS Given by experiments on martensite trans- 
formation and then calculate AT... from the differ- 
ence ATyart — AT ag aS given by the breadth of the 
y loop, according to Eq. 3. In estimating the breadth 
of the y loop, we consider the equiconcentration 
boundary to lie in the center of the two-phase 
region. Values of ATwarr and ATy.z SO Obtained are 
listed in Table III. 

The estimated values of AT. for aluminum and for 
vanadium appear contradictory to experience. Since 
additions of aluminum up to 10 atomic pct have a 
small but definite effect in lowering the Curie tem- 
perature, it would appear that a positive ATwaz is 
inconsistent with experiment. Now AT yaz is esti- 
mated from the experimental data on the width of 
the y loop and on ATwart- The value of the latter is 
taken from Hollomon and Jaffe,” who in turn take 
it from Klier and Troiano,” who in turn take it from 
Zyuzin, Sadovski, and Baranchuk.” The present 
writer suspects that the value of ATwart first re- 
ported by the latter authors is much too high, a 
value under 13°C per wt pct being required to 
render ATy,.. negative. 

According to Table II, vanadium has a marked 
effect in lowering the temperature range in which 
the magnetic transformation occurs, 20 wt pct lower- 
ing this range by as much as 700°C. The Curie tem- 
perature, however, remains essentially unchanged 
by the addition of this amount of vanadium. We 
must conclude that the addition of vanadium has a 
marked effect in lowering the temperature at which 
the magnetic moments of the iron atoms begin to 
uncouple from one another, which effect would be 
manifested both by a lowering of the region in 
which the thermal capacity of the a phase is anomal- 
ously high, as well as by a premature onset of the 
lowering of the saturation magnetization with in- 
creasing temperature. 

Whereas satisfaction may be found in having a 
system which reproduces the observed binary dia- 
grams, the real value to metallurgy of the foregoing 
described system lies in its ability to predict the 
location of the phase boundaries of steels having 
more than one alloying element. 


Role of Magnetic Shells in Binding Energy 

Scientists are not unanimous as to the most fitting 
approach to the problem of the binding energy of 
metals. The approach first formulated by Wigner 
and Seitz™ is adopted by most physicists. In this 
approach, one emphasizes the band character of the 
conduction electron. In the second approach, pur- 
sued primarily by Pauling and his students,” one 
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regards the binding in metals as similar to the bind- 
ing in molecules, namely, as covalent bonds, or more 
correctly, as resonating valence bonds. 

The present author believes the band description 
of the conduction electrons to be closer to reality 
than the resonating valence bond description, and 
therefore he will adopt this viewpoint in the present 
paper. For the purposes of this paper, the following 
somewhat oversimplified presentation of the band 
description is sufficient: Each conduction electron 
contributes two terms to the energy. The first term 
is negative, representing a binding, and may be 
thought of as a potential energy, E,. This potential 
energy is the same for all the conduction electrons. 
The second term is positive, representing a repul- 
sion, and may be thought of as a kinetic energy, Ex. 
The kinetic energy is quantized and hence forms an 
energy band. Now, according to Pauli’s exclusion 
principle, only two electrons, one of positive and 
one of negative spin, may occupy the same quantum 
state. The first conduction electrons which we add 
lie at the bottom of the kinetic energy band. As 
more electrons are added, they occupy successively 
higher states in this kinetic energy band. When the 
density of conduction electrons becomes sufficiently 
great, the positive kinetic energy of the last elec- 
tron added more than compensates for its negative 
potential energy. In such circumstances, the addi- 
tion of further conduction electrons results in a de- 
crease in binding energy. 

The kinetic energy band is customarily repre- 
sented through a plot of density of states vs Ex. The 
density of states Nx is defined such that N;x(Ex)d Ex 
is the number of conduction electrons which may 
have a kinetic energy lying between E, and Ex + 
d E,. Such a plot is given in Fig. 11. 
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Fig. 10—Graph demonstrates how y loop of chromium is 
obtained from G*-G” for pure iron. 
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We are now in a position to understand why the 
binding is drastically decreased as we add one more 
conduction electron per atom in passing from copper 
to zine, from silver to cadmium, and from gold to 
mercury. The kinetic energy of these added elec- 
trons is so high as to overcompensate for their nega- 
tive potential energy. 

In copper, silver, and gold, and in the elements 
lying to their right in the periodic table, the d 
shells play a passive role in binding. The mere fact 
that they are completely filled means that the num- 
ber of conduction electrons is fixed, namely, one in 
copper, silver, gold, two in zinc, cadmium, mercury, 
etc. In the elements lying to the left of copper, 
silver, and gold, the d shells play an active role. The 
incomplete filling of the d shells in these elements 
allows electrons to be transferred from the conduc- 
tion band into the d shell. Such electrons are said 
to be demoted. The flexibility introduced by this 
process of demotion allows these elements to have 
the optimum number of conduction electrons for 
maximum binding. If no demotion occurred in 
nickel, its magnetic saturation would correspond to 
one Bohr magneton (ys) per atom. Since actually 
nickel has a magnetic saturation of only 0.6 pws, per 
atom, we must conclude that 0.4 conduction elec- 
trons per atom have been demoted into the d shell. 
In Table IV are presented the data for the binding 
energies of copper, silver, gold, and the elements 
lying immediately to their right and to their left in 
the periodic table. The increased binding of nickel, 
palladium, and platinum over copper, silver, and 
gold may be interpreted solely in terms of the demo- 
tion possible in the first three elements, but impos- 
sible in the latter three. We have previously inter- 
preted the low binding energies of zinc, cadmium, 
and mercury as arising from the excessive kinetic 
energy associated with their two conduction elec- 
trons. 


Table IV. Heat of Formation at 25°C, Cal per Mol 


Nickel Copper Zine 
101,000 81,000 31,000 
Palladium Silver Cadmium 
93,000 69,000 37,000 
Platinum Gold Mercury 
122,000 82,000 15,000 


As mentioned in the opening paragraphs of this 
paper, the model of isolated d shells can be taken 
as close to reality only for the first transition period 
where the radius of the outer d shell is very small 
compared with the radii of the atoms. It will be 
instructive therefore to pursue the correlation be- 
tween demotion and binding energy only for this 
first period. Table V presents the data for the first 
period from vanadium to copper. We note as we 
pass to the left from copper that nickel, cobalt, and 
iron have almost identical binding energies. From 
Table I we see that they all three have two outer s 
electrons in the isolated atomic state, together with 
a partially filled half d shell. When the nickel or 
cobalt or iron atoms coalesce to form a solid, these 
partially filled half d shells act as reservoirs into 
which are demoted such a number of conduction (or 
4s) electrons as will maximize the binding energy. 

When we now proceed to the left in Table IV, we 
note that manganese has an anomalously low bind- 
ing energy. As explained in the introduction, an 
electron which starts a new half shell is unfavor- 
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ably situated in that it has no exchange with other 
electrons in the same shell. Table VI is presented 
in confirmation of this expectation. We see that in 
demoting one of the two electrons in the 4s shell to 
the 3d shell in an isolated atom, much more energy 
is required in the case of manganese than in the case 
of the elements on either side of manganese in the 
periodic table. The anomalously low boiling tem- 
perature and the anomalously high vapor pressure 
of manganese are, of course, direct consequences of 
its low binding energy and hence may ultimately be 
traced to the d shell structure of the isolated man- 
ganese atom. 

Inspection of Table V shows that chromium also 
has a comparatively low binding energy, 20,000 cal 
per mol lower than iron, cobalt, and nickel. Its 
binding energy is, in fact, almost identical with that 
of copper. This essential identity in binding energy 
in chromium and in copper may be interpreted as 
a reflection of similar demotion difficulties. Each 
atom has, in the isolated state, one 4s electron. The 
metal copper has a complete d shell. Any. demotion 
of its one conduction electron per atom therefore is 
debarred. The metal chromium has a complete half 
shell. Any demotion of its one conduction electron 
per atom therefore would involve starting a new 
half shell. It is doubtful therefore if any appre- 
ciable demotion occurs. Independent evidence of the 
extreme difficulty in starting a new half shell is seen 
in the fact that more energy is required to demote 
the one 4s electron in chromium than the two 4s 
electrons in iron or cobalt or nickel.’ Independent 
evidence that no demotion occurs is given by the 
electronic specific heat. The electronic specific heat 
may be most readily interpreted in terms of the 
band model. According to this model, this specific 
heat is proportional to the density of states at the 
top of the Fermi distribution. As may be seen from 
Table VII, chromium and copper are anomalous in 
the first transition period in having very low elec- 


Table VY. Heats of Sublimation at 0°K of Elements in 
First Transition Period 


Cal per Mol 
Vanadium 122,00031 
Chromium 80,00032 
Manganese 68,05032 
Iron 99,20033 
Cobalt 101,60038 
Nickel 101,10034 
Copper 80,30035 
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tronic specific heats, indicating that in both of these 
metals no partially filled half shells are present. 

As in the case of manganese, the anomalously low 
boiling point and high vapor pressure of chromium 
may be traced to its anomalously low binding energy 
and hence ultimately to the d shell structure of the 
isolated chromium atoms. 


Relation between Magnetism, Thermal Expansion, 
and Crystal Structure 

The best known example of a material with an 
anomalous thermal expansion is Invar, an Fe-Ni 
alloy with about 40 pct Ni. The upper limit of the 
temperature range in which the thermal expansion 
of Invar is anomalously low coincides with the tem- 
perature at which ferromagnetism disappears. This 
coincidence led the early workers in the field to the 
belief that the anomalous thermal expansion of 
Invar is in some way related to ferromagnetism. 
In this section we shall examine this relation in 
some detail. This examination leads not only to a 
natural interpretation of the low thermal expansion 
coefficient of Invar, but also to a natural interpreta- 
tion of the anomalously high thermal expansion 
coefficient of manganese-rich Mn-Cu alloys, and 
finally to an interpretation of the face-centered- 
tetragonal structure of these alloys and to an inter- 
pretation of the body-centered-cubic structure of 
chromium and vanadium. 


Table VI. Energy Required to Demote a 4s Electron to the 3d Shell 
in Isolated Atoms, the Initial State Having Two 4s Electrons* 


Cal per Mol 
Chromium — 23,000 
Manganese 48,000 
Iron 21,000 


* Data from ref. 4. 


For our present purpose, two properties of d shells 
discussed under “Magnetic Shells and Their Inter- 
actions” are pertinent. The first property is that the 
exchange interaction between shells in adjacent 
atoms is positive, and hence represents a repulsion 
and that this repulsion is greatest when the spins of 
the two atoms are parallel. When we heat a ferro- 
magnetic material through its Curie temperature and 
thereby change the spins from a parallel arrange- 
ment to a random orientation, the repulsive ex- 
change interaction thus will be reduced. The result- 
ing contraction will at least partially counteract the 
normal thermal expansion arising from atomic vi- 
brations, thereby giving rise to an anomalously low 
net thermal expansion. 

The second pertinent property of the d shells is 
their contraction as we pass to the right along a 
row in the periodic table. Thus, of the elements in 
the first transition period, nickel has the smallest 
d shell. The overlap of the d shells in nickel thus 
will be very small, and the anomaly in thermal ex- 
pansion coefficient will be correspondingly small. 
Actually in nickel a rise in temperature through the 
Curie point results in a slight excess thermal expan- 
sion. Such an excess thermal expansion is what 
would be expected if the overlap of adjacent d shells 
was negligible. The writer® had previously pointed 
out that the ferromagnetic coupling which tends to 
align the d shell spin of adjacent atoms is an in- 
direct coupling which takes place through the con- 
duction electrons. This ferromagnetic coupling does 
not require an overlap of the d shells themselves, 
only an overlap of the conduction electrons with the 
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d shells. Now this indirect ferromagnetic coupling 
represents an attraction, and this attraction over- 
shadows the direct exchange repulsion when the 
overlap of adjacent d shells is sufficiently small. The 
disappearance of this indirect ferromagnetic coup- 
ling as we pass through the Curie point in nickel 
thus is associated with a slight expansion. 

From the foregoing: discussion, we expect the 
thermal expansion associated with the loss of ferro- 
magnetic coupling to increase as we pass from nickel 
through cobalt to iron. Data are not available for 
making such a comparison for the pure metals. 
Thermal expansion data for cobalt are not available. 
A comparison of iron with nickel should be made 
only for similar crystal structures, but the face- 
centered-cubic phase of iron is not ferromagnetic. 
In the absence of data for pure metals, recourse will 
be taken to a study of the thermal expansion of 
Fe-Ni alloys for compositions lying in the face- 
centered-cubic phase. We plot in Fig. 12 the mag- 
netic dilation 0... for these alloys. The magnetic 
dilation is defined as that dilation associated with 
the magnetic configuration changing to a complete 
alignment of the atomic spins from a completely 
random orientation. In Fig. 12, two sets of data are 
plotted. One set” is from thermal expansion meas- 
urements, from which an estimate is made of the 
difference between the actual thermal expansion 
from 0°K up to the Curie temperature, and the cor- 
responding estimated thermal expansion which 
would have arisen in the absence of ferromagnetic 
uncoupling. The second set of data is from the 
measurements of Patrick® on the effect of pressure 
upon the Curie temperature. If one considers the 
spin entropy S to be a function of only the pressure 
and temperature and if one assumes (dT/dP); to be 
independent of temperature, one obtains from sim- 
ple thermodynamic arguments that 


= —(dT/dP)sAS 


where AS is the change in the spin entropy per unit 
volume associated with passing from complete align- 
ment to a complete random orientation of the spins. 
The coefficient (dT/dP); has been measured by 
Patrick. The entropy AS is computed by assigning 
the value of R In 3 to one mol of iron atoms, the 
value of 0.6 R In 2 to one mol of nickel atoms, cor- 
responding to every iron atom having a spin multi- 
plicity of 3 associated with a magnetic moment of 
2 Bohr magnetons, and to 60 pct Ni atom having a 
multiplicity of 2 associated with a spin of one Bohr 
magneton. We see that, in Fig. 12 as we approach 
high iron concentration, the magnetic dilation as 
obtained from pressure measurements becomes con- 
siderably larger than that obtained from thermal 
expansion data. We infer from this discrepancy that 
at the higher iron concentration the atomic spins do 
not become completely randomized upon passing 
through the Curie temperature. This inference is 
consistent with our interpretation of the a> y > $ 
transformation in iron, where we had to assume 
that the spins in the a phase become only partly 
randomized at the Curie temperature. 


Table Vil. Coefficient of T(v) Electronic Specific Heats* 


Cal per Mol 
Metal Vv Cr Mn Fe Co Ni Cu 
ryx104 14 Sia 42 12 12 17.4 1.80 


* After Stoner.®? 
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Fig. 12—Magnetic dilation in face-centered-cubic Fe-Ni al- 


loys is shown. Circle represents data of Patrick;* triangle, 
Scott;® and cross, Cheyenard.* 


Since cobalt has a larger d shell than has nickel, 
one would expect that the substitution of some cobalt 
for nickel in the Fe-Ni alloys would result in a larger 
O@mag and hence in a smaller net thermal expansion 
coefficient. This effect of cobalt was first observed 
by Brace and led to the development of super-Invar 
by Scott.” 

We now pass from the nickel, cobalt, iron triad 
in the first transition row to manganese. Whereas 
in nickel the d shells are so small as to give a neg- 
ligible interaction, as we pass to close-packed y iron, 
the d shells are sufficiently large to prevent a ferro- 
magnetic alignment. As we continue to manganese, 
the overlap between d shells has further increased. 
The effect of this increased overlap may be best 
seen in the y phase of manganese, a phase which 
may be retained upon quenching if small additions 
of copper are made. This phase is face-centered- 
cubic at high temperatures. Now in a close-packed 
structure, nearest neighbor atoms cannot have their 
spins antiparallel to one another, since nearest 
neighbors of a specific atom are nearest neighbors 
to one another. In a face-centered-cubic structure 
it is possible, however, to have an ordered arrange- 
ment of spins in which each atom has more nearest 
neighbors with spins antiparallel than parallel to 
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its own spin. Such an arrangement is given if alter- 
nate 100 planes have alternate spin directions.* The 


* Sidhu has kindly informed the author of a report by Meneghetti 
and Sidhu, Physical Review (1954) 95, p. 666, which confirms by 
neutron diffraction the antiferromagnetic spin structure of Mn-Cu 
alloys. 
four nearest neighbors in the same 100 planes then 
have parallel spins, whereas the eight nearest neigh- 
bors in adjacent 100 planes have antiparallel spins. 
Having parallel spins, the nearest neighbors in the 
same 100 plane will have an exchange repulsion, a 
repulsion which will not be present between nearest 
neighbors in adjacent 100 planes. The ordered spin 
arrangement therefore would be tetragonal, the c/a 
ratio being less than unity. Such a face-centered- 
tetragonal structure with c/a less than unity was, in 
fact, found in quenched Mn-Cu alloys some 25 years 
ago by Persson and Ohman.” 

Such an ordered arrangement of spins has, of 
course, a lower entropy than has a random arrange- 
ment and hence is expected to take place only at 
lower temperatures. From the heavily twinned 
structure of these alloys first noted by Worrell,* the 
writer” predicted that these alloys were face- 
centered-cubic at high temperatures, becoming 
tetragonal during quenching. This prediction has 
been verified by Zwicker* who found that this tran- 
sition from face-centered-cubic to face-centered- 
tetragonal occurred at about 250°C for nearly pure 
manganese and at gradually decreasing tempera- 
tures as nickel was added. 

As one passes from the face-centered-tetragonal 
to the face-centered-cubic structure in Mn-Cu alloys 
with a rise in temperature, one passes from a spin 
arrangement in which the spins of nearest neigh- 
bors are dominantly antiparallel to one in which 
they are randomly oriented. The face-centered- 
tetragonal > face-centered-cubic transition is asso- 
ciated therefore with an increase in the number of 
nearest neighbors with repulsive exchange inter- 
actions. This transition therefore must be associated 
with an anomalously high thermal expansion. That 
this is indeed the case is demonstrated in Fig. 13, 
taken from the data of Basinski and Christian.* 

We are now in a position to specify the materials 
for an ideal bimetallic strip. For the metal with a 
small expansion coefficient, we must choose one 
which is ferromagnetic, the Curie temperature be- 
ing at the upper limit of the operating range and 
the d shells being as large as is consistent with the 
presence of ferromagnetism. For the metal with a 
large expansion coefficient, we must choose one 
which is antiferromagnetic, the Curie temperature 
being at the upper limit of the operating range. For 
such a bimetal, a rise in temperature through the 
operating range is associated in one-half of the bi- 
metal with a decrease in the number of nearest 
neighbors with repulsive exchange interactions, in 
the other half of the bimetal with an increase in the 
number of nearest neighbors with repulsive ex- 
change interactions. 

As we now continue to the left along the first 
transition row through manganese to chromium and 
vanadium, the d shell continues to expand. Whereas 
in manganese the resonance interaction between the 
d shells was not sufficiently great to modify the 
structure from face-centered-cubic until the tem- 
perature was lowered to 250°C, in chromium the 
increased interaction modifies the face-centered- 
cubic structure only 100° or so below the melting 
temperature.” The lower temperature phase is body- 
centered-cubic, a structure which is even more effec- 
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tive than the face-centered-tetragonal structure in 
reducing the number of nearest neighbors with 
parallel spins, i.e., with a repulsive exchange inter- 
action. In a body-centered-cubic structure, all near- 
est neighbors may have antiparallel spins. Finally 
in vanadium where the d shells are still larger than 
in chromium, the metal crystallizes directly into the 
body-centered-cubic phase. 


Relation between Magnetism and 
Mechanical Properties 

The three preceding applications of magnetism 
to metallurgy have required some insight into the 
detailed magnetic structure of the first row transi- 
tion metals. In contrast, our final application of 
magnetism to metallurgy requires only a familiarity 
with macroscopic concepts. 

It has long been known that magnetostriction fur- 
nishes a coupling between magnetism and mechan- 
ical properties of ferromagnetic materials. A com- 
mon measure of the strength of this coupling is the 
magnetostriction constant \. This constant is defined 
as follows: Suppose we start with a specimen in 
which the elementary domains are magnetized at 
random along the various directions of easy mag- 
netization. When we now apply a magnetic field of 
sufficient strength to magnetize the specimen to 
saturation, the accompanying tensile strain along a 
line parallel to the magnetic field is given by }. 

Becker and Kornetzki*® “ demonstrated that mag- 
netostriction may have a profound effect upon the 
damping capacity of a ferromagnetic material. Their 
argument may best be understood by considering a 
ferromagnetic material with an ideal B-H curve of 
the type shown in Fig. 14A. The stress-strain curve 
of such a material will then be of the form shown 
in Fig. 14B. Now the pressure exerted upon a 90° 
domain wall by a magnetic field H is essentially JH, 
by a stress o is essentially \o. Hence the relation 
between the critical H and the critical o for domain 
wall movement is 


where J is the saturation intensity of magnetization. 
The area of the mechanical hysteresis loop is given 
by 


and hence is approximately one-half the area of 
the magnetic hysteresis loop. The variation with 
stress of the damping capacity (AE/E) associated 
with this magnetoelastic coupling is shown in Fig. 
14C. 
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Fig. 13—Thermal expansion coefficient of CuMn alloy, after 
Houk from data of Basinski and Christian,” is shown. 
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Fig. 14—Magnetoelastic coupling is illustrated. H. is coercive force; 
i, magnetostriction constant; (Y.M.), Young’s modulus; and J, satu- 
ration intensity of magnetization. Drawing A is a representation of 
ferromagnetic material with an ideal B-H curve. B is the stress- 
strain curve of such material. C shows the variation with stress of 
the damping capacity (AF/E) associated with magnetic coupling. 


Cochardt has recognized that the magnetoelastic 
damping illustrated in Fig. 14 is the principal source 
of damping in the common turbine-blading high 
chrome steel. Following this recognition, he has 
made a thorough and brilliant study of magneto- 
elastic damping and its practical applications.*”% 
Because of this work, metallurgists are now able to 
design the desired damping capacity into their ma- 
terials through a control of the appropriate magnetic 
characteristics. 

Conclusion 

From the preceding discussion, it is apparent that 
our insight into magnetism has already had a pro- 
found influence upon our understanding of many 
aspects of metallurgy. As this insight becomes 
deeper and becomes more widespread among metal- 
lurgists, it is to be expected that magnetism will 
have an ever-widening influence upon metallurgy. 
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Experimental Production of Al-Si Alloys In 


A Three-Phase Furnace 


by Lloyd H. Banning and William F. Hergert 


Experimental production of Al-Si alloys, containing from 33 to 55 pct Al, by direct 
reduction of aluminum silicates in a three-phase arc furnace is described. Adyan- 
tages of a smelting technique utilizing hogged wood waste as part of the reductant 


and for temperature control are discussed. 


ORK on the problem of producing aluminum 

by smelting has been in progress since the 
middle of the eighteenth century. Early work met 
with little success and in 1782 Lavoisier, an emi- 
nent French chemist, expressed the belief that alu- 
mina could not be reduced by carbon. It was almost 
a century later when the Cowles brothers developed 
a process for the production of aluminum alloys by 
reducing alumina coincident with the reduction of 
other metal oxides. In practice, the other metal oxide 
was usually copper. In 1907 it was first shown that 
alumina alone could be reduced by carbon at a tem- 
perature of 2200°C. The metal produced was vol- 
atilized and lost or recombined with the oxides of 
carbon formed in the reaction.* 

For a number of years after the Cowles brothers 
abandoned production of Cu-Al alloys because their 
product was not commercially competitive with the 
aluminum produced by the Hall process, there was 
little interest in thermal reduction processes. After 
World War I interest in such processes was renewed 
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and a number of patents were issued on processes 
for the production of Al-Si alloys.” * The function 
of the silicon in these processes was the same as the 
function of the copper in the Cowles brothers proc- 
ess, namely, to prevent the reduced aluminum from 
recombining with the oxides of carbon and to pro- 
mote absorption of the aluminum vapors set free at 
the high temperature required for the reduction re- 
action. The advantage of using silicon in place of 
copper for this function is that silicon has a higher 
boiling point (2600°C) than copper (2310°C) and 
its oxides, combined with aluminum oxides, occur 
in nature in almost unlimited quantities. 

No Al-Si alloys have been produced commercially 
in the United States, as far as is known. However, 
considerable experimental smelting of aluminum 
silicate materials has been done by the TVA at Wil- 
son Dam, Ala.* The most extensive development and 
commercialization of the electrothermal production 
of Al-Si alloys took place in Germany before and 
during World War II.’ The furnaces used in the 
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German smelting process were of the single-phase 
open-top pit type. The usual voltage was about 55 
and amperage about 20,000 when amorphous carbon 
electrodes 26.5 in. diam were used. Apparently no 
commercial quantity of Al-Si alloys was produced 
in three-phase furnaces at that time in Germany al- 
though such furnaces were operated on an experi- 
mental basis.° 

Alumina is not necessary as a raw material for the 
production of Al-Si alloys, and depletion of high 
grade bauxite deposits on the North American con- 
tinent has fostered interest in thermal reduction 
processes for the production of these alloys from 
nonbauxitic raw materials. Almost every report on 
future North American resources of aluminum em- 
phasizes the necessity for developing methods for 
utilizing low grade aluminum-containing raw mate- 
rials, such as clay, shale, and even high iron later- 
ites. Electric furnace smelting of aluminum silicate 
materials to produce a crude Al-Si alloy is the first 
step on one method of obtaining supplementary 
aluminum from the nonbauxitic materials. A num- 
ber of potential large volume uses for this crude 
Al-Si alloy are: 1—supplying silicon for and sup- 
plementing primary aluminum or scrap aluminum in 
the manufacture of silicon-containing aluminum 
alloys; 

2—in the production of aluminum by processes, 
such as one patented by Dr. Hirsch Loevenstein, in- 
volving extraction of the aluminum by a solvent 
metal followed by vacuum distillation of the solvent 
metal;" 

3—in the production of usable Al-Si alloys, such 
as silumin, an alloy containing 12.8 to 13.2 pct Si,” * 
or further modified silumin produced by fluxing 
silumin with a mixture of sodium chloride and 
sodium fluoride, as patented by Dr. Aladar Pacz; 

4—as a reductant in the production of magnesium 
by the Pidgeon process; and 

5—as a reductant and a deoxidizing agent in the 
steel and ferroalloy industries. 


Description of Smelting Process 

The smelting tests on the production of Al-Si 
alloys were carried out in two electric furnaces 
which had been installed for experimental produc- 
tion of ferroalloys. Both furnaces are three-phase, 
with automatic electrode regulation; they are of the 
cylindrical open-top pit type. The large furnace uses 
8 in. graphite electrodes and has a shell 96 in. diam 
and 78 in. high. The small furnace uses either 3 or 4 
in. graphite electrodes and has interchangeable shells 
of different sizes. Carbon linings are used in both 
furnaces. A complete description of the smelting 
equipment and facilities used at the Albany Station 
of the Bureau of Mines is contained in a previous 
paper.” 

In the smelting operation, aluminum silicates are 
mixed with reductant and shoveled into the furnace. 
The reductant may be coke, charcoal, sawdust, 
hogged fuel, or mixtures of these materials. When 
the furnace is operating normally, the charge is 
kept at a uniform depth. The electrodes extend 
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through the charge, and the useful heat for conduct- 
ing the reduction reaction is provided by arcing on 
the molten bath. The charge feeds continually into 
this smelting zone, and alloy is tapped from the 
furnace at regular intervals. 

When the charge between the electrodes becomes 
conducting, part or all of the current flows through 
the charge, and little or no heat is developed at the 
electrode tips by arcing. Under these conditions little 
smelting occurs because electric arc temperatures 
are needed to reduce aluminum silicates. 


Table I. Carbon and Energy Requirements for Reducing Charge 
Constituents 


Al Si Ti Fe 
Lb carbon per lb 0.668 0.856 0.501 0.215 
Kw-hr per lb 3.03 2.80 1.702 0.355 


Under ideal smelting conditions, there is just 
enough carbon in the charge to reduce all of the 
oxides to metal, and no slag is formed in the furnace. 
When there is a deficiency of carbon in the charge, 
a high melting point slag is produced which is diffi- 
cult to tap; with an excess of carbon in the charge, 
infusible silicon carbide forms and collects on the 
bottom of the furnace, and the charge between the 
electrodes becomes conducting. The type of reduc- 
tant, as well as the amount of reductant, also affects 
the conductivity of the hot charge. Hogged fuel—a 
mixture of wood chips, splinters, and sawdust—has 
been found to be the most effective type of reductant 
for minimizing charge conductivity. Other advant- 
ages of using hogged fuel as a major portion of the 
reductant in the furnace charge are: 1—The charge 
is porous, and gases formed by the reduction reac- 
tion in the smelting zone can escape readily. 2—The 
charge serves as an insulating blanket over the 
smelting zone and this permits less radiation and 
makes for more comfortable operating conditions. 
3—The temperature of the smelting zone may be 
controlled by the adjustment of the proportion of 
hogged fuel to coke in the charge. 4—There is much 
less bridging and crusting in the furnace. 5—Vapor- 
ization and dust losses are minimized. 

Assuming that the carbon in the charge reacts 
with the Al,O;, SiO, TiO., and FeO to form carbon 
monoxide and metal, the theoretical carbon 
and energy requirements can be calculated. The car- 
bon requirements are calculated from the equations 
for the reactions; the energy requirements are cal- 
culated from the heats of formation.” Carbon and 
energy requirements for reducing the charge con- 
stituents are shown in Table I. 

The actual carbon requirement is not always the 
same as the theoretical requirement but may be in- 
creased by oxidation and by formation of carbides 
and decreased by the formation and volatilization of 
silicon monoxide and possibly by the volatilization 
of some lower oxides of aluminum. The optimum 
carbon requirements can be determined only by 
operation. 

Description of Smelting Tests 

The purpose of the Bureau’s electrothermal smelt- 
ing research has been to determine the chemical 
composition range of Al-Si alloys that it is practical 
to produce, to make studies on the use of hogged fuel 
in the furnace charge, and to determine optimum 
furnace operating conditions. To date, six con- 
tinuous-type smelting tests have been made in a 
small furnace and two in a large furnace. These tests 
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have been aimed at producing Al-Si alloys contain- 
ing approximately 35, 45, and 55 pct Al. 

The analyses of clays used in smelting tests are 
shown in Table II. Eastern clay was used in three 
tests. Alumina was used in one large-scale test to 
increase the Al,O,; content of the charge. The Colum- 
bia clay used was a standard-brand high duty fire- 
clay mined near Renton, Wash. The raw Cowlitz 
clay, from an extensive deposit near Castle Rock, 
Wash., was calcined in the Bureau’s rotary kiln. 
Various types of hogged wood waste, wood chips, 
and coke were used for reductants. 

Five exploratory tests were conducted in the small 
furnace, all aimed at establishing and maintaining 
operable smelting conditions for fireclays contain- 
ing approximately 45 pct alumina. In the first two 
tests, calcined eastern clay was used. Western 
Columbia calcined clay was used in the third, 
fourth, and fifth tests. 


Table II. Analysis, Pct, of Raw Materials Used in Smelting Tests 


Fixed 
Loss on Car- 
Material SiOz Ignition CaO NaO_ bon 
Eastern raw 
clay 37.8 43.5 1.08 0.07 15.4 0.29 oo —_ 
Eastern cal- 
cine clay 42.7 46.9 6.18 
Columbia cal- 
cine clay 43.1 482 4.50 2.50 0.3 0.9 0.8 —_— 
Cowlitz cal- 
cine clay 46.1 43.2 5.60 2.82 0.15 fea 0.9 — 
Petroleum coke 96.3 
Hogged fuel, average 13.0 
Wood chips, average 12.0 


The major change in the operation of the furnace 
from one test to the next was the use of a progres- 
sively higher power input per pound of clay. This 
was achieved by using a higher proportion of hogged 
fuel to coke in the furnace charge. All of these tests 
were terminated when a gradual accumulation of 
material effectively blocked the tap hole and made 
tapping of the alloy virtually impossible. The fifth 
test was conducted primarily to determine whether 
the exclusive use of hogged fuel would result in a 
high enough smelting temperature to make tapping 
of the alloy less difficult. The charge proportions 
consisted of 100 lb clay and 280 lb hogged fuel. 
This lasted 60 hr. A gradual buildup of a mass of 
silicon carbide on the furnace hearth resulted in a 
blocking of the tapholes. Apparently, the use of 
hogged fuel only as reductant resulted in too slow a 
feed rate into the smelting zone and in high elec- 
trode consumption. Extremely high temperatures 
were developed as evidenced by tapping tempera- 
tures of 1950°C. However, this extreme temperature 
did not aid materially in tapping silicon carbide 
from the furnace with the alloy. 

The carbon content of the changes in this series of 
tests was varied over a considerable range; how- 
ever, the optimum range proved to be between 95 
and 102 pct of the stoichiometric requirements. Elec- 
trical conditions were varied slightly; but no ap- 
preciable effect was evident, other than that, when a 
higher amperage was used to improve smelting con- 
ditions, the 3 in. electrodes become incandescent 
owing to their inadequate current carrying capacity. 

After evaluating the results of this series of five 
tests, a sixth test was made in the small furnace. 
Four major changes were made in the operating 
conditions for this test based on the experience 
gained from previous tests: 1—Silica rock was 
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added to the charge mixture to simulate a 35 pct 
alumina clay. 2—Electrodes, 4 in. diam, were sub- 
stituted for the 3 in. ones used previously. 3—A 
lower voltage and higher amperage at approxi- 
mately the same power input were used. 4—A uni- 
formly sized wood chip product, free of sawdust and 
bark, was substituted for the run-of-the-mill hogged 
fuel previously used. 

The average charge proportions were 74 lb Cow- 
litz calcined clay, 26 lb silica rock, 232 lb wood 
chips, and 9 lb coke. The operating voltage was 38 v, 
phase-to-phase, at a power input of about 140 kw. 
After 102 hr of operation under ideal and uniform 
operating conditions, the furnace was shut down as 
scheduled with every indication that this test could 
have been continued indefinitely. 

The pertinent data for the series of five tests on 
calcined 45 pct alumina clay and the sixth test on 
the simulated 35 pct alumina clay are summarized 
in Table III. 

The first test in the large furnace was an attempt 
to smelt a simulated 55 pct alumina raw material. 
After 113 hr of operation the test was terminated as 
unsuccessful, owing to an accumulation of material 
that would not tap from the furnace. This result was 
similar to that experienced in many of the tests in 
the small furnace. 

The charge relations used in a second test in the 
large furnace were 100 lb calcined Cowlitz clay, 216 
lb wood chips, and 11 lb coke. The carbon content of 
the charge averaged about 102 pct of the stoichio- 
metric requirement. The electrical conditions were 
the same as for the previous test in this furnace. 
The operating technique used was based on the ex- 
perience gained from previous tests. After 209 hr of 
continuous operation, the furnace was in operable 
condition. Alloy production had been maintained at 
anormal rate for most of this period. Opening the tap 
hole was the most troublesome feature of this test 
and often required the use of an oxygen lance. 

For comparison, the pertinent data on two tests 
in the large furnace are summarized in Table IV. 


Discussion of Test Results and Conclusions 


The use of hogged fuel or wood chips as part of 
the reductant is believed to be the most important 
single factor responsible for the successful smelting 
of alumina silicates in a three-phase electric arc 
furnace. The smelting temperature and the tapping 
temperature were controlled by varying the propor- 
tion of hogged fuel to coke. These temperatures must 
be kept high to operate successfully. However, when 
only hogged fuel was used for the reductant, as in 
the fifth test, the temperature was so high that car- 
bon was robbed from the electrodes and a large 
quantity of silicon carbide formed on the furnace 
hearth. When too little hogged fuel was used, tap- 
ping temperatures dropped, resulting in excessive 
crusting and furnace blowing. When the correct pro- 
portion of hogged fuel was used, the feed rate of the 
ore into the smelting zone could be correlated easily 
with the power input, and a definite ratio of kw-hr 
per pound of aluminum silicates charged could be 
maintained without having open arc conditions or an 
excessively deep dry top. 

Specific electrical conditions must be maintained 
to insure a continuing smelting operation. These 
electrical conditions have been expressed by the 
formula R = E/I z D.* Experience has shown that 
the R factor should be maintained between 0.12 and 
0.15 in both the small and large furnace when using 
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Table III. Summary Data on a Series of Small-Scale Tests 


Test Number 


1 2 3 4 5 6 
; Operating Conditions 
Length of smelting test, hr 
Clay, calcined, eastern 100 100 — _ —— 
Clay, calcined, Columbia — — 100 100 100 — 
oKe, 96 pct fixed carbon 20 1 6 i on, 
Hogged fuel, 13 pct fixed carbon 150 200 220 224 280 ai 
pet fixed carbon = == = — 232 
arbon, pct stoichiometric 
Electrode voltage, phase-to-phase 52 45 45 52 45 38 
Current, amp, average 1400 1700 1800 1600 1700 2100 
Power input, kw, average 130 140 145 135 140 140 
Electrode current density, amp per sq in. 197 238 254 212 238 170 
R, ohm, in. 0.20 0.15 0.14 0.19 0.15 0.13 
Operati R It: 
Consumption of ore, lb per hr 17 SE Gs 60 53 38 50 
Alloy production rate, lb per hr 10 13 15.5 19 12.5 21 
Power consumption, kw-hr per lb of ore Ieee 221 2.4 2.54 ext 2.78 
kw-hr lb of alloy 14.0 10.7 9.4 11.2 6.7 
ectrode consumption, graphite, lb per ton of alloy — 560 
Composition (typical) of alloy, pct 
Aluminum 65* 54 * 47 46 58* 33 
Silicon 25 42 46 43 37 55 
Iron 3.4 3.5 4.8 5.8 2.2 8.0 
Titanium 1.6 1.6 125 3.2 Ba 3.0 
Alloy recovery, pet 50 66 78 94 72 103+ 


* High aluminum content due to formation of silicon carbide which 


+ Due to slag inclusions. 


resulted in tapping only an aluminum-rich fraction. 


graphite electrodes. Under these conditions from 6.2 
to 7.2 kw-hr are required per pound of alloy pro- 
duced. The actual electrical energy requirements 
compared to the theoretical requirements indicate 
smelting efficiencies of between 39 and 46 pct. 

The difficulty of smelting aluminum silicates in- 
creases as the alumina content of the charge in- 
creases. Little difficulty was experienced in one of 
the more recent tests when an Al-Si alloy analyzing 
33 pct Al was produced from a charge of clay and 
quartz. A continuing operation was maintained 
when producing an Al-Si alloy, analyzing 49 pct Al, 
from clay. With more experience, it may be possible 
to continuously produce alloys containing higher 
percentages of aluminum. 
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Table IV. Summary Data on Tests in the Large Smelting Furnace 


Inoperable Operable 
Operating Data 

Length of period, hr 113 209 
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Operating Results 
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Power consumption, kw-hr per lb of ore 2.1 2.5 
Power consumption, kw-hr per lb of alloy 15.2 6.8 
Graphite electrode consumption, lb per ton 

of alloy 475 360 
Composition (typical) of alloy, pct 

Aluminum 49 

Silicon 22 38 

Iron 2.5 9.6 

Titanium 0.4 3.4 
Alloy recovery, pct 50 106; 
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Kosaka Smelter, The Dowa Mining Co., Japan 


Hydrometallurgy of Copper-Zinc Concentrates 


by Hidesaburo Kurushima and Suketoshi Tsunoda 


An inyestigation of the hydrometallurgy of Cu-Zn concentrates by The Dowa 
Mining Co. of Japan is described and a detailed flowsheet of the Kosaka hydro- 
metallurgical plant is given. Sufficient operating experience has shown that the 
Dorrco FluoSolids system has proven successful for recovery of both zinc and copper 
by roasting in a fluidized bed. At present, 2400 metric tons of concentrates per 
month are being treated and recoveries of 93 pct Cu and 65 pct Zn are being effected. 


SURVEY of the Japanese chemical industry in 

1949 revealed, among other things, that sul- 
phur-bearing blast furnace gas from the Kosaka 
smelter of The Dowa Mining Co. Ltd., Kosaka, 
Japan, was being exhausted to the atmosphere as 
waste. In addition, it was costing that company an 
average of ten million yen ($28,000) annually for 
damages to the surrounding property caused by the 
sulphur dioxide in the gas. It was recommended by 
this survey that the gas be utilized for the produc- 
tion of sulphuric acid by the contact process. 

Mr. Kurushima visited the United States in May 
1950 to investigate the engineering, construction, 
and operation of a contact acid plant. Any acid 
produced at Kosaka would necessarily have to be 
98 pet H.SO, to prevent corrosion in railroad tank 
ears transporting it to the point of use. However, 
the production of 98 pet acid requires constant vol- 
ume and SO, content of the gas. As the converter gas 
at Kosaka fluctuates in both volume and quality, it 
was decided to evaluate the smelting process with 
relation to other methods of recovery. 

This evaluation revealed a relatively new type of 
roaster, the Dorrco FluoSolids reactor, which was 
reported to be capable of roasting the copper sul- 
phide concentrate in an excess of air with the 
production of an SO, gas strong enough for acid 
production and a water-soluble copper sulphate 
calcine. The copper sulphate then could be leached 
from the roasted ore and electrolytic copper recov- 
ered from the leach solution in much the same 
manner as practiced by the Chile Exploration Co. 
for treating naturally occuring copper sulphate 
ores. Use of a reactor of this type would eliminate 
the need for a blast furnace and converter and, in 
addition, would effect savings in labor and fuel. 

The Kosaka ore is a microscopically fine mixture 
of copper, zinc, and lead sulphides. The lead and a 
small amount of the barite present can be separated 
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Table I. Calcine Solubilities 


Acid Soluble, Pct Water Soluble, Pct 


98. 
Zn 95. 
4. 


Nop, 


95. 
94. 
2. 


by flotation, but any separation of copper and zinc 
proved extremely difficult. In blast furnace oper- 
ation at Kosaka, zinc had been slagged off until a 
stockpile of about 12,000,000 tons containing 5 pct 
Zn had been accumulated. Mr. Kurushima felt that 
if any of the zinc in the concentrate was sulphat- 
ized and leached with the copper, it also could be 
recovered electrolytically. 

The Dorr Co., sponsors of fluidization technique 
in the metallurgical field, suggested that sulphate 
roasting be tested out on a laboratory scale and 
that, if successful, a commercial Dorrco FluoSolids 
system be constructed. They indicated that the re- 
sults from such laboratory tests could be transposed 
to a commercial scale without pilot planting the 
roasting operation. It was therefore decided to 
send samples of flotation concentrate to the West- 
port Mill, laboratories of The Dorr Co., for testing. 


Table I]. Condition of Electrolyte, Copper Section 


Initial State of Bath, Change 

per L G per L 
Copper 60 15 to 917 
HeSO4 Nil 65 
Zinc 100 100 


Current (dc) density at cathode 


12.1 to 14 amp per sq ft 
Consumption of electricity 


2600 kw-hr per metric ton 
of cathode copper 

Quality of cathode copper 99.97 pctCo 

0.0019 pct Fe 

0.0042 pct Zn 


The objective of Mr. Kurushima’s visit to the 
United States thus had changed from investigation 
of sulphuric acid plants to a fundamental examina- 
tion of the hydrometallurgy of copper and zinc. 


Testing Program 
In February 1951, Mr. Tsunoda went to the 
United States to witness the application of the 
FluoSolids system to sulphate roasting at The Dorr 
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Co.’s laboratory. The flotation concentrates tested 
analyzed 8.7 pct Cu, 15.4 pct Zn, 21.6 pct Fe, 2.93 
pet Pb, 32.7 pct S, and 11.3 pct insoluble. These 
concentrates were 80.3 pct —200 mesh. 

Laboratory tests indicated that copper and zinc 
of high solubility were present in the calcines pro- 
duced in the FluoSolids reactor for subsequent 
leaching. Roasting at 700°C with 50 pet excess air 
produced calcines which, when leached with 5 pet 


sulphuric acid and water, yielded the solubilities 
given in Table I. 


Table III. Condition of Solution, Sponge Copper Section 


Initial State of Bath, 


G per L Cha »G 
Copper 15 to 17 
HeSO4 65 90 
Zine 100 100 


Current (dc) density at cathode 


15.8 to 18. 
Consumption of electricity camp per 


4500 to 5000 kw-hr per metric 
ton of sponge copper 


The conclusions drawn from these tests were: 
1—95 pct of the copper is converted to copper sul- 
phate, 2—90 pct of the zinc is converted to zine sul- 
phate, 3—5 pct of the iron is converted to ferrous 
and ferric sulphate, and 4—a suitable roasting tem- 
perature is 700°C. 

Greatly encouraged by the results of the roasting 
tests, a further study was undertaken to devise 
methods for the recovery of the copper and the zinc 
from the solutions by electrolysis and to secure the 
data needed for the design of a commercial plant. 
To secure this information, a 300:1 scale pilot plant 
was constructed at Kosaka. Tests were made there 
to secure data on the electrolyses of the copper and 
zinc, on the purification of the liquor for the elim- 
ination of iron, cobalt, nickel, etc., and on the neu- 
tralization of the solution. 


Table IV. Condition of Electrolyte, Zinc Section 


Initial State of Bath, 


G per L Change, G per L 
Zine 100 25 to 30 
HeSO.4 Nil 


110 
Current density at cathode 37 amp per sq ft 
Tank voltage 
Ampere efficiency 


Quality of cathode zinc 


3.5 Vv 
about 80 pct 
99.98 pct 


Since no published data could be found on the 
electrolytic recovery of copper and zinc from the 
mixed solution, it was fortunate that the authors 
had the guidance of Dr. S. Tokunaga, Director of 
Mitsui Mining Co., who had operated a plant for 
the electrolytic recovery of these metals from scrap 
brass anodes. This part of the process as developed 
consists, in outline, of 1—the electrolysis of the 
leach solution of mixed sulphates to obtain sound 
cathode copper, 2—electrolytic stripping of the so- 
lution to remove the final copper as sponge, and 3— 
purification and electrolysis of the solution to ob- 
tain electrolytic zinc. 

As a result of the pilot plant tests, the optimum 
conditions, outlined subsequently, were established 
as being suitable for the operation of the commer- 
cial plant. 


Optimum Conditions for Commercial Operation 
Copper Electrolysis Section: It was established 
that the electrolysis of the copper should be carried 
out under the conditions given in Table II. 
Sponge Copper Section: At this point the solution 
is so depleted in the copper ion that most of the re- 
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mainder must be removed as sponge copper. Con- 
ditions in the sponge section should be as given in 
Table III. 

Zinc Electrolysis Section: After neutralization 
and purification of the solution, the low acid, low 
current density method for the recovery of the zinc 
was used. The optimum conditions for the zinc 
electrolysis plant were established, see Table IV. 


Anticipated Operating Conditions for 
Commercial-Scale Plant 

Upon the completion of successful pilot plant 
tests, a commercial-scale plant was designed to 
treat 2400 tons per month of flotation concentrates 
with an expected average analysis as given in Table 
Whe 

From this concentrate, recovery of the products 
of purities and amounts given in Table VI was 
anticipated. 

The plant was expected to effect yields of 92 pct 
of the copper and 75 pct of the zinc. 


Plant Flowsheet 
A detailed flowsheet of the Kosaka hydrometal- 
lurgical plant is given in Fig. 1. 


Table V. Anticipated Average Analysis of Concentrates 


Element Pet 
Copper 10.6 
Zinc 16.7 
Lead 2.4 
Sulphur 39.0 
Iron 26.0 


Concentrates Handling: The flotation concen- 
trates are produced at the Hanaoka mine, which is 
situated about 24 miles south of Kosaka. The mill 
and smelter are connected by a railroad having two 
different track gages. Flotation concentrates are 
placed in steel boxes of two-ton capacity and 
loaded onto standard gage flat cars at the mill. 
These boxes are transferred to flat cars of the nar- 
row gage railroad at the junction point of the two 
systems by a crane. On reaching the smelter, the 
concentrate is dumped into the storage bin. 

The concentrates are discharged from the storage 
bin onto a belt conveyor that leads to a repulper 
tank where spent zinc electrolyte is added to make 
up a slurry of about 75 pct solids. This slurry is 
charged into the FluoSolids reactor by a Moyno 
pump. 


Table VI. Anticipated Recoveries 


237 metric tons per month 
303 metric tons per month 
1500 kg per month (under 
construction) 


Electrolytic copper (99.98 pet Cu) 
Electrolytic zine (99.98 pet Zn) 
Metallic cadmium 


Chemically precipitated gypsum, 


as a byproduct 1700 tons per month 


Roasting: The Dorreco FluoSolids reactor, 20 ft 
ID by 16 ft high, roasts the concentrates at 700°C, 
and an automatic control holds this temperature 
within +5°C. Roaster gas, containing fine dust, 
passes to a waste heat boiler for heat recovery and 
then to a two-stage cyclone and Venturi scrubber 
system for recovery of the fine dust. Calcine prod- 
uct weight distribution is as follows: reactor over 
flow, 48 pct; waste heat boiler, 19 pct; cyclones, 28 
pet; Venturi scrubber, 4.75 pct; and stack loss, 
0:25 pet. 

The reactor overflow, waste heat boiler, and cy- 
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steam per hr, supplies all of the heat required for 


leaching, zine purification, etc. 


clone products are caught in quench tanks and flow 


by gravity to a collection tank from which they are 
pumped to the leaching circuit. The solution added 


Leaching: Two separate leach circuits are used. 
In the primary circuit, solids collected from the re- 
actor overflow, waste heat boiler hoppers, and the 
cyclones, amounting to 95 pct of, the total solids, are 
given a 5 hr leach at 70°C in a series of three 


to the quench tanks is taken from the overflow of 
the secondary thickener in the residue washing cir- 
cuit. The scrubber product is treated separately. 


The waste heat boiler, with a capacity of 6600 Ib 
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Table VII. Copper Tank House Data 


3rd Stage 
1st Stage 2nd Stage (Sponge Copper) 
Current density, amp per sq ft 
Cell voltage, v 
Electrolyte flow, gal per min 4.25 2.64 ee 
Copper in feed solution, g per 1 54 25° 12 
Copper in spent solution, g per 1 25 12 1 
Temperature of electrolyte, °C 50 45 60 
Number of cells 40 50 40 
Cell size, ft _ 10.6x2.8x3.4 6.0x4.0x3.9 10.6x2.8x3.4 
Anode size, in. 25.6x30.3x0.2 18.1x28.0x0.2 25.6x30.3x0.2 
Cathode size, in. 28.4x31.4 20.5x29.5 25.6x27.6 
Number of anodes per cell 24 22* 14 
Number of cathodes per cell 23 20* 13 
Anode spacing, in. 4.7 5.1 8.0 
Kw-hr per metric ton Cu, ac 2600 2300 5100 
pet 82 80 50 
ectrical system al 
tine, Walker Walker 
Weight of cathode, lb (4 35 — 
Percentage of total copper 54.7 24.5 20.8 
Copper Analysis 
Cu, pet 99.97 99.97 70 to 80 
Pb, pet Trace Trace — 
Zn, pet Trace Trace 4 
Fe, pet 0.0030 0.0030 0.4 
S, pet 0.0050 0.0045 — 
Bi, pct Trace Trace — 
Au, g per ton 0.05 0.05 0.2 
Ag, € per ton 4 22 
Sb, pet 0.0005 0.0005 0.24 
Ni, pct Trace Trace — 
As, pct Trace Trace PAPA 


* Two sets of cathodes and anodes per cell. 


wooden agitators equipped with acid-proof mecha- 
nisms. Pulverized manganese ore, 60 pct MnoO., is 
added to the primary agitator at the rate of 200 lb 
per hr for precipitation of iron. Acid strength at 
the start of leaching is 5 to 7 g per 1 and decreases 
to 2 g per | in the final agitator. 

Solids collected in the Venturi scrubber plus res- 
idue from the primary circuit are leached together 
in the secondary circuit where they are given a 4 hr 
leach at 70°C with 50 g per 1 sulphuric acid solu- 
tion which is collected in the Venturi scrubber. 

Overall leach solubility is 94 pet Cu and 88 pct 
Zn. 

Solution and Residue Treatment: Solution and 
residue in the main circuit are separated in a four- 
stage Dorr countercurrent decantation system. As 
an aid to washing, some of the neutralized solution 
from the zinc tank house, containing 27 g per | Zn, 
is added to the second-stage thickener and fresh 
water is added to the fourth stage. The solution 
from the primary thickener is sent to the copper 
tank house after clarification at the following anal- 
ysis: 54 g per 1 Cu, 100 g per 1 Zn, and 2 g per! Fe. 

Residue from the final thickener of the counter- 
current decantation circuit is pumped to the sec- 
ondary leaching tank where it joins the pulp from 
the scrubber. The solution from the single-stage 
washing thickener used in this circuit is.sent to iron 
cementation cells for recovery of the copper. The 
solution from the cementation cells is then neutral- 
ized and discharged into the river. The cement 
copper recovered in this circuit is refined in the 
smelter. The residue from the single-stage washing 
thickener passes through a conditioner and 12 flota- 
tion cells where a scavenger concentrate is made. 
In the flotation step, 20 pct of the gold, 60 pct of 
the silver, 30 pct of the copper, and 60 pct of the 
zinc values of the residues are skimmed off and 
sent to the blast furnace for recovery of the pre- 
cious metals and the copper. The flotation tailings 
are pumped to a storage dam where they are being 
held for future utilization, a problem now being in- 
vestigated. The washed residue containg 1.0 pct Cu, 
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2.0 pet Zn, and 40 to 45 pct Fe. Washing efficiency 
is 98 pct for the copper and 95 pct for the zinc. The 
pregnant solution is clarified before going to copper 
electrolysis. 

Electrolysis of Copper: Copper electrolysis is car- 
ried out in three stages with insoluble hard lead 
anodes containing 5 pct Sb. Cathode copper is pro- 
duced in the first two stages and sponge copper is 
produced in the third stage. The sponge copper is 
sent to the pyrometallurgical section where it is 
smelted and cast into anodes. 

Starting sheets are made from soluble anodes. 
The copper starting sheet blanks, 2 mm thick, are 
coated with oil and soap solution. After 20 hr of 
plating, the starting sheets are stripped from the 
blanks, cut to size, and the hangers are then at- 
tached. For copper tank house data, see Table VII. 

Cathodes in the sponge copper section are made 
of lead plate. Equal weights of gum arabic and 
thio-urea are added to the first and second sections 
as follows: No. 1 section, 60 g per metric ton of 
cathode, and No. 2 section, 12 g per metric ton of 
cathode. In addition to the foregoing reagents, a 
nonsoluble higher alcohol is added to the cells to 
control acid mist. The five rows of cells in the sec- 
ondary copper circuit are arranged in a parallel wir- 
ing or Thophan system. Dc power at 250 v, 6000 
amp is supplied by a 1500 kw contact converter 
manufactured by Fuji Denki Co. 

Spent Solution Neutralization and Precipitation 
of Values: Solution leaving the copper tank house 
contains 1 g per 1 Cu, 100 g per 1 Zn, and 90 g per 1 
H,SO,. Solution neutralization and iron precipita- 
tion by adding pulverized limestone is carried out 
in tanks. The precipitated gypsum thus produced 
is separated from the solution by centrifuging. The 
copper, cadmium, nickel, cobalt, etc., are removed 
by the addition of zinc dust and B-naphthol. The 
purified solution, before going to zinc electrolysis, 
is cooled to 20°C by means of a vacuum cooler. 

Electrolysis of Zinc: Zinc electrolysis is carried 
out at 36° to 38°C with insoluble lead anodes con- 
taining 1 pet Ag. Solution enters the zinc tank 
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house at 100 to 110 g per 1 Zn at 20°C. The 
fresh solution is run into a circulation tank and 
mixed with cell solution to give the necessary acid 
strength. Electrolysis starts at about 50 g per 1 Zn 
and 70 g per 1 H,SO,. The cells are flat setting 
rather than a cascade arrangement. This solution is 
circulated at 3.25 gal per min until electrolysis is 
finished at 27 g per 1 Zn and 110 g per 1 H.SO.. 


Table VIII. Zinc Tank House Data 


Current density, amp per sq ft 37.5 
Cell voltage, v 3.4 to 3.7 
Electrolyte flow, gal per min per cell 25 
Zinc in feed solution, g per 1 
Zine in spent solution, g per 1 
Temperature of electrolyte, °C 
Number of cells 130 
Cell size, ft 2.3x6.2x3.9 
Anode size, in. 20.4x30x0.2 
Cathode size, in. 22.0x29.5x0.12 
14* 


3.25 
100 to 110 


Number of anodes per cell 


Number of cathodes per cell 12* 
Anode spacing, in. 4.7 
Kw-hr per metric ton zinc, ac 4700 
Current efficiency, pct 77 
Electrical system Walker 
Holding time, hr 4 
Weight of cathode, lb 13 to 18 
Slab Zine Analysis* 
Zinc, pet 99.98 
Lead, pct 0.005 to 0.01 
Iron, pet 0.0007 to 0.0011 


Cadmium, pct Trace to 0.001 


* Two sets of cathodes and anodes per cell. 
7 The cathode zine is melted in an Ajax Wyatt electric furnace 
and cast into slabs for the market. 


Power to the zinc section is supplied by single pole 
mercury rectifiers. No smoothing reagents are used in 
the zinc tank house but soy bean cake is added to 
the cells at the rate of 270 g per metric ton of cath- 
ode for control of acid mist. Zine tank house data 
may be found in Table VIII. 


Initial Operating Problems and their Solution 

Plant erection was started in April 1952 and com- 
pleted in November of the same year. During the 
following months of operation, difficulties were en- 
countered that occurred despite the time and effort 
expended on pilot plant testing in order to hold 
these troubles to a minimum. At times these trou- 
bles curtailed production and at other times it has 
been necessary to shut down to make corrections. 
Despite these difficulties, it is felt that. sufficient ex- 
perience has been gained so that the new process 
may be called a success. 

Tank Leakage: The first trouble encountered was 
tank leakage. Many of the solution tanks and the 
thickeners were made of asphalt-lined concrete. 
Very shortly after the start of operations, leakage 
of solution from some of these tanks was detected. 
This leakage was highly troublesome, not only be- 
cause of the loss of values but also because the acid 
could cause serious corrosion of concrete and rein- 
forcing steel. The asphalt lining was applied to the 
tanks at the beginning of winter at Kosaka and the 
sudden cooling of the melted asphalt caused cracks 
that were difficult to locate. The leaky tanks could 
not be relined until warm weather set in and this 
caused some delay. This problem has now been 
corrected. 

Precipitation of Gypsum in Pipe Lines: The sec- 
ond problem was caused by the precipitation of 
gypsum. In the process, the gypsum-saturated spent 
electrolyte is circulated and, on cooling, deposited 
solid gypsum in the pipe between the leaching sec- 
tion and the copper tank house and also in the ver- 
tical pump in the solution sump. This problem was 
overcome by replacing the pipe lines with open 
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launders that could be inspected easily and any de- 
posit found promptly scraped off. In places where 
it was not possible to install open launders, double 
pipe has been laid with one pipe held as a spare. 
The deposition of gypsum had been anticipated but 
the rapidity, quantity, and location of this scale was 
far beyond expectations. 

Corrosion of Stack Interior: The third problem is 
associated with the exit gas from roasting. If an 
acid plant had been installed, this difficulty would 
never have been encountered. An acid plant was 
not installed originally because of the large invest- 
ment needed, the uncertainty as to the quantity and 
quality of the gas, and the problem of the transpor- 
tation of the sulphuric acid. The most important 
reason was difficulty of a financial nature, since 
many members of the staff, even including the met- 
allurgical experts, had expressed a great deal of 
anxiety about this new process. As it was expected 
that this gas would be used after a few years, a 
temporary stack, 200 ft high, 4 ft diam at the top, 
and built of reinforced concrete, was installed. The 
lower 73 ft of the stack was lined with acid-proof 
brick. The exhaust gas from roasting contains 5.5 
pet SO., and in full operation the volume is 154 cfs. 

Six months after the start of operations the bot- 
tom of the stack was found to be nearly closed from 
corroded concrete fragments that had fallen from 
the top of the stack. Inspection of the stack re- 
vealed that corrosion was so bad at the top that 
some of the reinforcing bars were exposed. This 
corrosion was caused by the presence of SO; and 
water vapor in the gas. 

To correct this problem, it was decided to erect a 
new stack, lined with acid-proof porcelain brick, 
and to install one of the Chemical Construction 
Co.’s Venturi scrubbers which removes most of the 
SO, and dust. Also, to eliminate the smoke damage 
problem, a fan capable of introducing 35,000 cim 
air into the stack was installed. By air dilution, the 
stack now delivers 1 pct SO, gas at 50 fps and 
smoke damage should no longer be troublesome. 


Conclusions 

Certain operating difficulties have been encoun- 
tered which at times have made it necessary to shut 
down or reduce capacity while corrections are be- 
ing made. Nevertheless, sufficient experience has 
been obtained to justify the statement that the Dorr 
FluoSolids system has been a success at the Kosaka 
plant of The Dowa Mining Ce. 

Formerly, effective roasting of mixed Cu-Zn-Fe 
sulphides to produce highly soluble copper and zine 
was considered to be extremely difficult because of 
the difference between the formation or decompo- 
sition temperatures of copper and zinc sulphates. 
This operation has proved that it is possible to re- 
cover both the copper and zinc by roasting in a 
fluidized bed. It is the authors’ opinion that the 
closely controlled atmosphere and temperature 
within the reactor, that are not obtainable in other 
types of roasters, are responsible for the ability to 
secure a strong SO, gas for acid manufacture and a 
highly water soluble calcine of copper and zine sul- 
phate for treatment in the electrolytic sections. 

At the present time, The Dowa Mining Co. is 
treating 2400 metric tons of concentrates per month 
and obtaining 93 pct Cu and 65 pct Zn recoveries. 


Discussion of this paper, if any, will appear in 
JOURNAL OF METALS, November 1955, and in AIME 
Metals Branch Transactions, Vol. 203, 1955. 
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Topochemical Aspects of Iron Ore Reduction 


by Gust Bitsianes and T. L. Joseph 


_ The gaseous reduction of dense iron ore is a topochemical process in which reduc- 
tion takes place at distinct interfaces between solid phases or layers. Under normal 
conditions, these interfaces remain parallel to the exterior surface of the ore body 
as they move inward. Certain conditions, such as cracking, high porosity, impurities, 
entrapped residual oxides, may cause departures from normal topochemical behavior. 


a HE gaseous reduction of dense iron ore proceeds 
at interfaces between several solid phases or 
layers."* Under normal conditions, these interfaces 
progress inward and remain parallel to the exterior 
surface of the ore body. This topochemical behavior 
is clearly illustrated in Fig. 1 which shows partially 
reduced specimens of natural and synthetic hema- 
tite. 

Using a coordinated sequence of macro, micro, and 
X-ray examinations, the authors”’ found that the 
number of interfaces and participating phases was 
in agreement with the Fe-O system. Above 570°C, 
reduction of the ore involved a maximum of three 
common boundaries between four solid phases: iron, 
wistite (Fe,O), magnetite (Fe,0,), and hematite 
(Fe.O;). Below 570°C, reduction proceeded through 
two interfaces between three phases: iron, mag- 
netite (Fe,0O,), and hematite (Fe.O,). The decrease 
in the number of phases below 570°C was due to the 
instability of wustite below this temperature. 

The sequence of phases was also consistent with 
the equilibrium requirements. For example, the 
layers of iron oxides that were formed in topochemi- 
cal fashion were always orientated in the order of 
increasing oxygen content. Thus, in Fig. 1 an outer 
layer of metallic iron is followed in turn by a thick 
intermediate band of black wiustite, by a thin layer 
of light magnetite, and finally by a relatively large 
core of hematite. This arrangement of the oxide 
layers was due to restrictions in reducing conditions 
which were imposed by the physical structure of the 
solid. The highly reducing gas on the outside of the 
particle gradually lost its reducing power as it pen- 
etrated into the specimen. 

On a macro scale, the layers of the various oxides 
appeared to be sharply defined and uniform in com- 
position. Microexamination of the sections, however, 
revealed that the interfaces did possess measurable 
widths which varied with the porosity and chemical 
activity of the oxide phase undergoing reduction. 
For example, Fig. 2 shows three interfaces in a dense 
hematitic ore which was partially reduced at 850°C. 
At the iron-wiistite interface where the greatest 
porosity developed, the reaction proceeded over a 
zone 25 to 30 microns in width. Toward the interior, 
the interfaces became progressively narrower until 
at the magnetite-hematite boundary the reaction 
zone was about 1 micron wide. In this region the 
structure was exceedingly dense; the hematite pos- 
sessing a porosity on the order of 3 pct. 


G. BITSIANES and T. L. JOSEPH, Members AIME, are Assistant 
Professor and Professor of Metallurgy, respectively, Schoo! of Mines 
and Metallurgy, University of Minnesota, Minneapolis. 

Discussion of this paper, TP 3934C, may be sent, 2 copies, to 
AIME by July 1, 1955. Manuscript, June 30, 1954. Blast Furnace, 
Coke Oven, and Raw Materials Conference, Chicago, April 1954. 
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A careful micro study across polished layers of the 
various Oxides revealed generally homogenous and 
single-phase structures. As reported in a previous 
paper,’ the wiistite layer was characterized by an in- 
crease in oxygen content with depth of penetration. 

The topochemical behavior of reduction was 
studied in six types of ore of different origin, com- 
position, and physical structure. In most cases, re- 
duction proceeded at the boundaries of well defined 
layers or phases, and this behavior may be regarded 
as normal for most dense fine grained ores. 


Deviations from Ideal Topochemical Behavior 

A number of deviations from the normal topo- 
chemical behavior were noted. In these cases, the 
continuity of the reduction interfaces was disrupted 
in one of four ways: 

1—Cracking of the specimen interrupted the geo- 
metric configuration, and the interfacial advance was 
no longer parallel to the exterior surface. 

2—As a result of high porosity, the interfaces were 
spread over an appreciable distance and all but 
obliterated. 

3—Impurities in the ore promoted a variety of 
deviations, including cracking. 

4—A residual oxide phase was entrapped in the 
reaction product and left behind the advancing 
macro interface. 

Results from Cracking: A crack leading into the 
interior of an ore specimen presents a path of least 
resistance for the counter-flow of reducing gases and 
gaseous reduction products. Higher reducing condi- 
tions can be maintained along such cracks and re- 
duction accordingly will propagate well ahead of the 
normally advancing reduction interfaces. 

Cracking was caused by a number of factors, one 
of which was the thermal spalling of impurities in 
the massive form. A more general type of cracking 
was due to reduction and was found in all dense 
varieties of natural and synthetic hematite, particu- 
larly in the temperature range of 500° to 700°C. 
The effect is shown clearly in Fig. 3. In this case, a 
dense sphere of pure hematite was partially reduced 
at 650°C for 100 min. The macrosection shows that 
one large reduction crack had penetrated the speci- 
men and disrupted the normal topochemical advance 
of the interfaces. The outer layer of iron was only 
slightly affected but the thin dark layer of wustite, 
adjacent to the ferrite, had widened perceptibly as it 
progressed along the crack. Farther inward, the 
magnetite layer was greatly disrupted and had pene- 
trated irregularly to form islands of unaltered white 
hematite. A great deal of internal cracking is evi- 
dent in the magnetite phase. 

From a practical point of view, the cracking of 
dense ores in the blast furnace could lead to desir- 
able as well as undesirable effects. The general result 
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would be a decrease in particle size and a more com- 
plete reduction in the upper reaches of the furnace. 
Excessive cracking, however, could increase the 
amount of fines and the rate of dust production. 

Effect of Porosity: The effects of porosity on the 
topochemistry of reduction are similar to those of 
cracking. In the extreme case of an infinite amount 
of cracking, each iron oxide grain is separated from 
its neighbor and the reduction system is actually the 
same as one of high porosity. The reducing gas can 
diffuse around the individual oxide grains and create 
a reducing atmosphere over a finite depth of pene- 
tration. Under these conditions, well defined and 
continuous macro interfaces will not form and the 
actual interface will be spread over an appreciable 
distance. Within this reaction zone, each individual 
grain may act as a minute topochemical system. The 
macrostructure of such a system is shown in Fig. 4. 
This porous hematite was partially reduced in hy- 
drogen and the resulting structure shows a wide 
deviation from an ideal topochemical state. At the 
magnification of 4.5 diameters, a peripheral band of 
iron is apparent, but its boundary with the interior 
oxide material is not sharply defined. Fig. 5 shows 
the interior of the specimen near its geometric cen- 
ter at high magnification. Evidently several waves 
of reduction had swept through the specimen and 
reduced the interior to a lacelike network of wiistite 
grains. Conditions in some areas of the interior had 
favored the selective reduction of certain wiistite 
grains to metallic iron. 

Two reasons may be advanced for such a selective 
type of reduction: 1—Because of uneveness in the 


a—Sample of syn- 
thetic ore sphere 7, 
partially reduced in 
hydrogen at 750°C 
for 40 min_ and 
etched. X4.5. Area 
reduced approxi- 
mately 35 pct for re- 
production. 


porosity of the specimen, hydrogen could have built 
up to a higher reducing potential near certain crys- 
talline aggregates. 2—From the viewpoint of chem- 
ical kinetics, certain of the wistite grains could 
have been more reactive than others. 

Porosity effects in the reduction of iron ores have 
been studied by Joseph* who found a distinct corre- 
lation between increased porosity and increased re- 
ducibility. With dense ores, the internal reduction 
reactions are restricted to narrow interfaces with a 
relatively small amount of surface available to the 
gaseous reducing agent. The porous ore, however, 
allows the reactions to proceed over zones of con- 
siderable depth and thus over a proportionately 
larger surface. This increased reaction surface in the 
interior of porous ores is a big factor in increasing 
their overall reducibility. 

Effect of Impurities: Impurities may play a role in 
the topochemism of reduction but their effect is 
quite varied. Quartz, for instance, behaves as an in- 
ert impurity and will produce some physical dis- 
turbances such as cracking, but only if it is present 
in the massive form. During normal reduction, 
neither the temperature nor the time is sufficient for 
the silica to react with any of the iron oxides. The 
microexamination of ore 8B in Fig. 2 shows many 
interlocked silica inclusions but none of these had 
reacted with any of the oxide phases or had any 
other substantial effect on the progress of reduction. 
Another clear-cut case of inert impurity behavior is 
shown in Fig. 6 which depicts the magnetite-hema- 
tite interface in partially reduced dense India ore. 
The silica inclusions here are of a dendritic nature 


b—Specimen of natu- 
ral dense ore 8A. Half 
section of rectangu- 
lar prism, partially 
reduced at 850°C for 
35 min and etched. 
X4.5. Area reduced 
approximately 35 pct 
for reproduction. 


Fig. 1—Topochemical aspects of dense ore reduction are illustrated by the two examples of 
partially reduced specimens of natural and synthetic hematite. 


iron; dark-gray phase, wiistite; and black in- 


clusions, silica. netite. 


a—lron-wiistite interface. White phase is b—Wiistite-magnetite 
phase is wiistite and light-gray phase, mag- 


c—Magnetite-hematite interface. Light-gray 
phase is magnetite; light phase, hematite; 
and black inclusions, silica. 


Fig. 2—Three reduction interfaces of natural ore 8B are shown. The specimens were reduced in hydrogen at 850°C for 35 min and etched. 


X500. Area reduced approximately 35 pct for reproduction. 
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Fig. 3—Effect of 
cracking is clearly 
shown in this macro- 
structure of synthetic 
ore sphere 15. Speci- 
men was reduced in 
hydrogen at 650°C 
for 100 min and 
etched. X4.5. Area 
reduced approxi- 
mately 25 pct for re- 
production. 


Fig. 5—Micrograph, 
taken near cube cen- 
ter, shows interior of 
specimen of partially 
reduced porous ore. 
Sample etched. White 
phase is iron; gray 
phase, wiistite; and 
black area, plastic 
filling representing 
pores. X500. Area 
reduced approxi- 
mately 25 pct for re- 
production. 


and do not appear to have had any direct influence 
on the progress of reduction. 

Impurities may also exist in iron oxide material 
in the combined form or as an integral part of the 
oxide lattice. Magnetite, in particular, possessing a 
spinel type of structure may contain foreign atoms 
as substitutes in the ferrous and ferric ion positions 
of its lattice. The effect of such impurities on the 
progress of reduction is not well known, From an 
equilibrium point of view, Schenck, Franz, and Wil- 
leke* have shown that foreign oxides such as MgO, 
MnO, CaO, ZnO, Al.O;, etc., can combine with the 
iron oxides under certain conditions and that these 
combinations drastically upset the conventional 
equilibrium conditions and the reducibility of the 
products formed. However, little information is 
available concerning the effects of such impurities on 
the kinetics of reduction. 

Some partially reduced Arkansas lodestone is 
shown in Fig. 7 and illustrates the effect of com- 
bined impurities on reduction. The polished section 
of this species of magnetite revealed a uniform phase 
structure with not more than 2 to 3 pct of foreign 
matter as distinct and separate minerals. Its chemi- 
cal analysis, however, indicated 20 pct of impurities, 
most of which must have been present as an integral 
part of the magnetite lattice. On being reduced, the 
specimen formed an irregular layer of white iron at 
its periphery. Reduction also occurred along cracks 
and fissures of the ore as shown by the gray wiustite 
and white iron phases within the basic magnetite 
structure. An X-ray examination of zones A, B, C, 
and D of the specimen clearly established these 
phase relationships. 

Microexamination of the specimen gave the results 
shown in Fig. 8. A portion of the iron layer has an 
‘unusual appearance in that the ferrite is agglom- 
erated into masses of small and distinct spheroids, 
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Fig. 4—Macrostruc- 
ture of porous hema- 
tite ore is shown. 
Specimen was re- 
duced in hydrogen at 
850°C for 10 min 
and etched. X4.5. 
Area reduced ap- 
proximately 25 pct 
for reproduction. 


Fig. 6—Magnetite- 
hematite interface of 
dense India iron ore 
is depicted. Speci- 
men reduced in hy- 
drogen at 850°C for 
40 min and etched. 
Gray phase is mag- 
netite; white phase, 
hematite; and black 
inclusions, silica. 
X500. Area reduced 
approximately 25 pct 
for reproduction. 


Fig. 8a. These spheroids were probably kept from 
intergrowing by the precipitation of oxide impurities 
from the spinel type of lattice during reduction. In 
a section located at one of the interior cracks of the 
specimen, iron, wistite, and magnetite are seen to be 
oriented in the proper topochemical order with re- 
spect to the crack, Fig. 8b. Even with the porous type 
of iron layer that had formed and with the effects of 
cracks and fissures as shown, this lodestone reduced 
very slowly. This resistance to reduction could be 
attributed to some effect of the impurities in the 
magnetite lattice. - 

Effect of Residual Oxide: The final deviation 
noted was that of incomplete reduction at the iron- 
wustite interface. Certain of the larger and more 
inert witstite grains reduced slowly, so that the 
sponge iron that formed around them had time to 
undergo a definite sintering action. The sintering 
action encased these grains of wistite with ferrite, 
retarded their reduction at the moving iron-wiistite 
interface, and permitted their retention well out into 
the iron layer. At the same time a large amount of 


Fig. 7—Macrostructure of 
partially reduced Arkansas 
lodestone is shown. Sam- 
ple was reduced in hydro- 
gen at 850°C for 120 min 
and etched. A, B, C, and 
D are zones, examination 
of which established phase 
relationships. X6. 
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a—Microstructure of 
the outer iron layer. 
Specimen shows por- 
ous iron sponge with 
dark areas of reduc- 
tion porosity. 


Fig. 9—lron-wiistite 
interface of synthetic 
ore (cylinder No. 9) 
is depicted. Sample 
reduced in hydrogen 
at 850°C for 70 min 
and etched. White 
phase is iron; gray 
phase, wiistite; and 
black areas, pores. 
X500. Area reduced 
approximately 25 pct 
for reproduction. 


reduction porosity was formed. A typical case is 
shown in Fig. 9 which depicts the iron-wiistite 
boundary condition in a partially reduced cylinder 
of chemically pure hematite. Another such case is 
illustrated in Fig. 10 which shows some wiistite re- 
tention in the iron layer of a partially reduced mass 
of single hematite crystals from Elba. Such sinter- 
ing action and its consequent effects have been ob- 
served to be more prevalent in the purer iron layers 
resulting from the reduction of pure oxide materials. 


Wistite Retention Effect on the Rate of 
Magnetite Reduction 

An exaggerated case of the wiistite retention effect 
was found to occur in a species of New York mag- 
netite. This ore was characterized by a fissured-type 
structure, and its magnetite fraction was well crys- 
tallized and of a relatively pure composition. On be- 
ing reduced in hydrogen, the ore exhibited a strange 
anomaly in reduction behavior. The effect is shown 
in Fig. 11 which summarizes the rate data as ob- 
tained for this ore by Wernick and Bitsianes.® Rates 
of reduction are expressed as “‘the time to reach a 
definite percentage of reduction.” The data for the 
40 pct curve show clearly that the reduction rate had 
followed a normal increase with temperature in the 
earlier stages of the process. In the later stages of 
reduction (80 pct data), the rate increased with 
temperature up to about 600°C and then diminished 
markedly to an extremely slow rate at about 800°C. 
Analysis of these data implies that some processes 
had occurred to create arate minimum condition be- 
tween 650° and 900°C. This same rate anomaly has 
been noted by Udy and Lorig*® in New Jersey mag- 
netite, by Specht and Zapffe’ in New York magne- 
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Fig. 8—Microexamination of partially reduced Arkansas lodestone gave the results shown in 
a and b. Specimen was etched. X500. Area reduced approximately 25 pct for reproduction. 


b—Micrograph shows 
reduction on an in- 
terior crack. Porous 
sponge iron bounds 
crack surface; dark 
wistite follows and 
is bounded by light- 
gray magnetite. 


Fig. 10—Micrograph 
shows structure of 
sponge iron layer in 
Elba crystal mass. 
Specimen reduced in 
hydrogen at 850°C 
for 20 min and 
etched. White phase 
is iron; gray phase, 
wistite; and black 
areas, pores. X500. 
Area reduced ap- 
proximately 25 pct 
for reproduction. 


tite, by Wiberg’ in Kiruna magnetite, and by 
Chufarov and Tatievskaya’ in a species of Russian 
magnetite. Some reference has been made to the 
rate effect as a rate maximum condition for magne- 
tite at 600°C, but this conclusion was reached with- 
out the benefit of rate data above 800°C. There has 
also been a tendency to associate the anomaly with 
the behavior of magnetite in general, but certain 
grades of magnetite such as the Arkansas lodestone 
and western magnetites do not show arate minimum. 

In the present investigation, a rough block of the 
New York magnetite was reduced in hydrogen at 
850°C for a period of 2 hr. The reducing conditions 
were chosen to produce a speciinen which would be 
reduced to a point well within the minimum rate 
field. From the macro result shown in Fig. 12, it is 
evident that the reduction behavior had been quite 
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Fig. 11—Curves show the reduction rates of New York magnetite as 
a function of temperature. —6+-8 mesh material was reduced in 
hydrogen. 
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different from that encountered previously. A rough 
topochemical shell of white metallic iron is seen 
penetrating the specimen at its periphery. Beyond 
this shell, the reduction had propagated into the 
interior through countless fissures. The penetration 
had been surprisingly uniform, so that fine stringers 
of iron are seen to be evenly distributed throughout 
the interior of the specimen. 

An X-ray examination showed that the outer 
layer was composed entirely of iron while the in- 
terior was a mixture of iron and wiistite. More in- 
formation was gained from a microexamination. Fig. 
13a shows an interior portion of the specimen at 
X250 and the microstructure is most unusual. With- 
out exception, the large grains of wiistite were 
coated by thin films of iron 2 to 3 microns in thick- 
ness. This coating was apparent along every visible 
fissure, pore, and hole within the interior of the 
specimen. At the higher magnifications, the layers of 
iron appeared to be extremely dense and to have en- 
cased the unreduced wiistite grains with a solid 
ferrite coating, Fig. 13b. Within the iron shells, the 
wustite was present as an exceedingly dense phase 
similar to that of the original magnetite. There is 
some question as to whether these wiistite grains 
were in the form of single crystals. 

The macro, micro, X-ray, and kinetic studies cor- 
related well in showing that the reduction had started 
out in a normal fashion but had deviated into an ab- 
normal behavior after about 40 pct of the process 
had been completed. These two stages will be con- 
sidered in turn. 


Normal Behavior in the Early Stages 
of the Reduction of Magnetite 

In this period, the original magnetite was reduced 
to wustite without any adverse kinetic effects. The 
wustite at the surface of the specimen also began to 
reduce and form metallic iron in a normal topo- 
chemical fashion. A study of the kinetic data for this 
specimen reveals that the normal period was com- 
pleted within the first 30 min of the run and under 
rate conditions which were 50 pct slower than those 
found for natural dense hematite ore. On a relative 
basis, this was not a great difference in rate and 
could be attributed to the dense and coarse grained 
structure of the magnetite and resulting wiustite 
phases. 

Abnormal Behavior in the Later Stages 
of the Reduction of Magnetite 

Only the iron and wiistite phases were present 
during the abnormal period of reduction and the 
anomaly can be attributed to the following effect on 
the conversion of wiistite to iron: Near the end of the 
normal period, the dense wiistite phase was reducing 
slowly enough so that relatively large amounts of 
hydrogen could diffuse past the macro interface, 
through the many fissures, and into the interior of 
the specimen. A sufficient concentration of hydro- 
gen thus built up in the interior to reduce all the 
available wiistite surfaces to metallic iron. Further 
reduction of the dense wiistite grains was so slow 
that their thin surface layers of pure sponge iron 
could sinter into relatively impermeable coatings. 
The outward diffusion of oxide ions or water mole- 
cules through such coatings was necessarily a very 
slow process. As a result, the rate of reduction of the 
New York magnetite at 800°C was one-tenth of the 
rate at 600°C, see Fig. 11. 

The hydrogen reduction anomaly has been shown 
to be actually an exaggerated case of the wustite 
retention effect mentioned previously. In practical 
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application, this retention of wiistite phase could 
have an important bearing on the manufacture of 
pure sponge iron products from magnetite ores or 
concentrates. In carbon monoxide reduction, the 
effect has not been found to be as serious. Wiberg® 
has studied the relative behavior of hydrogen and 
carbon monoxide on Kiruna magnetite at 1000°C 
and has concluded that iron film formation is mini- 
mized with the carbon monoxide reductant. His 
theory is based on the large pressures that can be 
generated at the iron-wiistite interface due to the 
equilibrium requirements of the Fe-C-O system. 
These pressures have been calculated to approach 40 
atm at 1000°C and could conceivably rupture any 
thin films of iron. 


Differences in the Rates of Magnetite and 
Hematite Reduction 

Hematite ores generally reduce more rapidly than 
magnetite ores or sinters. Actually, the hematite 
phase must pass through the magnetite stage during 
reduction, and it might be inferred that a hematite 
ore should reduce more slowly than one composed of 
magnetite. In considering this question, Bitsianes” 
has concluded that the following physical and chem- 
ical factors are important: 

1—The grain size of magnetite ore is usually 
coarser than that of hematite ore. When dense ore 
bodies are considered, this difference in grain size 
along with other factors may have a profound effect 
on the mechanisms and rates of reduction. In coarse 
grained magnetite, for instance, the reduction re- 
actions are restricted to extremely narrow interfaces 
with a relatively small amount of internal reduction 
surface. These ores thus reduce more slowly than 
fine grained hematitic ores in which reduction por- 
osity causes the interfaces to spread out and create 
a larger amount of internal reaction surface. 

2—The crystallographic orientation of the oxide 
surface being reduced may have an effect on the 
reduction mechanisms. Hydrogen molecules would 
behave differently in bombarding and initiating re- 
actions on a lattice surface of cubic magnetite as 
compared to that of hexagonal hematite. Moreover, 
the lattice surface of natural magnetite could re- 
act differently than that of artificial magnetite pro- 
duced by gaseous reduction of hematite at elevated 
temperatures. 

3—Even more important is the matter of crystal- 
lographic orientation in the reduction products as 
they are being formed. In reducing magnetite to iron, 
Buinov and his coworkers” found the orientation 
relationships to be the same as those found by Mehl 
and McCandless” for the oxidation of iron. These re- 
lationships are such that the conversions of magne- 


Fig. 12—Macrostruc- 
ture of New York 
magnetite is shown. 
Specimen re- 
duced in hydrogen at 
850°C for 120 min 
and etched. X4.5. 
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a—Unreduced core is 
shown. White phase 
is iron; gray phase, 
wiistite; and black 
areas, fissures. X250. 
Area reduced ap- 
proximately 25 pct 
for reproduction. 


b—Micrograph of un- 
reduced core was 
taken at g_ higher 
magnification. White 
phase is iron; gray 
phase is wiistite; and 
black areas, fissures. 
X500. Area reduced 
approximately 25 pct 
for reproduction. 


Fig. 13—Micrographs show structures of partially reduced New York magnetite. Specimens 
were lightly etched. 


tite to wustite to iron are carried out so that the 
crystallographic axes of the three cubic systems re- 
main mainly parallel to one another. The three 
lattices are of such dimension and orientation” that 
the transformations are accomplished along the 
simplest crystallographic path, and this generally 
involves the element of parallelism. 

Crystalline transformations of one phase into an- 
other along parallel directions should be accom- 
plished with the least disruption of the structure as 
a whole. The preservation and growth of large single 
crystalline products should be promoted by these 
circumstances. Such a case was illustrated in the re- 
duction of the New York magnetite with its exag- 
gerated wustite retention effect. 

No direct information is available in the literature 
as to the effect of crystallographic orientation on the 
reduction of hematite to magnetite. The closest ap- 
proach is in the work of Gruner“ who studied oxida- 
tion at the surface of magnetite crystals. Gruner 
found that hematite developed at the magnetite sur- 
face in such a way that its basal (00.1) plane lay 
parallel to the octahedral (111) plane of the mag- 
netite. If this condition were also true in the reduc- 
tion process, there would be a drastic shift in the 
position of the main crystallographic axis when 
hematite is converted to magnetite. The magnetite 
would grow as crystallites on the hematite surface 
and considerable grain refinement could occur. In a 
rigid system, the change in crystallographic orienta- 
tion could also lead to physical discontinuities and 
volume expansion as found by Anderson” in the 
early stages of reduction. The reducibility of small 
and discrete crystals of magnetite could easily be 
higher than that of coarse grained magnetite in 
natural ores. 

Edstrom” has shown recently that wiistite formed 
on reducing single crystals of hematite is usually 
more porous than the wistite obtained from reduc- 
ing single crystals of magnetite. The higher reduci- 
bility of hematite is explained on this basis. Crystal 
orientation effects may well control the porosity 
resulting from reduction. 

4—The influence of impurities in the spinel struc- 
ture of magnetite has. already been discussed. The 
Arkansas lodestone is one such example and its re- 
ducibility was affected in an adverse way by its im- 
purity content. 

Conclusions 

Iron ore is normally reduced in a topochemical 

manner. By this mechanism, reduction takes place at 
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solid phase interfaces which remain parallel to the 
exterior surface as they progress into the piece of 
ore. Such topochemical behavior was observed in 
six types of ore of different origin, composition, and 
physical structure and may be regarded as normal 
for hard dense ores that do not crack excessively 
during reduction. 

Departures from the normal topochemical be- 
havior were noted. In these cases, the layered struc- 
ture and the continuity of reduction interfaces were 
disrupted in one of four ways: 

1—Cracking of the specimen interrupted the ad- 
vance of continuous interfaces between well de- 
fined layers. 

2—The interface was spread over an appreciable 
width due to high porosity. 

3—Impurities promoted structural irregularities, 
including cracking. 

4—A residual oxide phase was entrapped in the 
reaction product and left behind the reacting inter- 
face. Wustite thus could be encased in a relatively 
impervious layer of iron which had been consoli- 
dated by sintering. This condition was largely re- 
sponsible for a minimum rate of reduction of certain 
magnetite ores at 800°C. 

Most of these deviations were caused by condi- 
tions which allowed a relatively high concentration 
of hydrogen to be maintained beyond the advancing 
interface. 

Crystal size and crystal orientation before and 
during reduction are important factors which make 
hematite more reducible than magnetite. 


Discussion of this paper, if any, will appear in 
JOURNAL OF METALS, November 1955, and in AIME 
Metals Branch Transactions, Vol. 203, 1955. 
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Technical Note 


Oxidation of Oxygen-Saturated Titanium 


by M. Simnad, Aija Spilners, and O. Katz 


HE oxidation of titanium has been studied in 

recent years by a number of investigators.**® One 
of the most important aspects of the reaction of 
titanium with oxygen, which has been observed by 
several of the investigators, is the extremely high 
solubility of oxygen in the metal. A detailed study of 
the Ti-O system” has shown that the solubility limit 
of oxygen in a-titanium is approximately 14.5 wt 
pct O from 800° to 1700°C. The unusual oxidation 
behavior of titanium may be ascribed to this phe- 
nomenon, since part of the oxygen uptake enters 
into solid solution in the metal and only a part is 
available for scale formation. A more complete study 
of the kinetics of oxidation of titanium would re- 
quire information on the influence of oxygen in solu- 
tion in the metal upon the oxidation rate. Such in- 
formation would also be of interest in regard to the 
theory of oxidation of metals. 

The authors have measured the oxidation rates of 
oxygen-saturated and oxygen-free titanium be- 
tween 800° and 1200°C and have found appreciable 
differences in their rates of oxygen uptake and in the 
activation energies. 

The experimental set-up was similar to that de- 
scribed in a previous paper.” The course of oxida- 
dation was followed continously by attaching the 
specimen to a sensitive spring balance and observ- 
ing the extension of the spring with time of oxida- 
tion. High purity electrolytic oxygen was used and 
precautions were taken to purify the gases em- 
ployed. The specimens were prepared from iodide 
titanium and were ground on metallographic 
polishing papers to a fineness of 4/0. The furnace 
was first evacuated and filled with argon; the speci- 
men was lowered into the furnace, which was then 
evacuated, and filled with oxygen, after the speci- 
men had reached the oxidation temperature in argon. 

The samples were presaturated with oxygen by 
means of the following procedure: Each specimen 
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of oxygen-free tita- 
nium. 


100°C 


Wt. Increase in Mg./Cm2 


x 
930°C 
2 900°¢ 
800°C 


6 8 10 12 
vTime , (min.) 


was first heated in oxygen at 1200°C until its in- 
crease in weight indicated 13.8 pct by weight uptake 
of oxygen. The furnace was then immediately evac- 
uated and filled with purified argon five times. The 
specimen was heated in the argon atmosphere for a 
period of 72 hr at 1200°C in order to saturate the 
metal with oxygen by complete absorption of the 
scale. The temperature was lowered to the oxidation 
temperature, the furnace was evacuated and filled 
with oxygen, and the oxidation rate was followed by 
noting the extension of the spring balance. No oxide 
film was visible on these specimens at the start of 
the oxidation experiments. 

Titanium samples in the oxygen-free as-received 
condition were also oxidized and their oxidation 
rates measured. 

The results are shown in Figs. 1, 2, and 3, which 
indicate that the initial rates of uptake of oxygen by 
both the oxygen-saturated and oxygen-free speci- 
mens are parabolic at these temperatures. The rate 
of uptake of oxygen is, however, appreciably lower 
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for the oxygen-saturated titanium than for the 
oxygen-free titanium at temperatures above 950°C. 

he results may be explained as follows: The total 
oxygen uptake of an oxygen-free specimen is equal 
to the sum of the amounts of oxygen diffusing into 
the metal and that present in the oxide formed on 
the surface; whereas in the oxygen-saturated speci- 
mens, the total oxygen uptake is equivalent to that 
required to form the oxide. In the former, the rate 
of thickening of the oxide is governed by the oxygen 
concentration gradient in the metal; part of the 
oxide formed will always be absorbed into the metal. 
The oxidation rate is governed by the rate of diffu- 
sion of oxygen through the scale, which in turn is 
controlled by the thickness of the oxide present. At a 
given temperature, the rate of growth of oxide will 
be lower on the oxygen-free specimen (since it dis- 
solves part of the oxide formed). The diffusion rate 
of oxygen through this oxide will, however, be 
greater than in the relatively thicker oxide layer 
formed in the same period on the oxygen-free speci- 
men. The rate of total oxygen uptake is greater in 
the oxygen-free titanium, since the amount of oxy- 
gen diffusing into it exceeds the quantity of oxygen 
present in the extra thickness of the oxide formed on 
the oxygen-saturated specimens. 

Fig. 4 shows plots of the logarithms of the rate 
constants vs the reciprocals of the absolute tempera- 
tures for both the oxygen-free and oxygen-saturated 
specimens. The activation energies calculated from 
the straight lines obtained give values of 25,000 cal 
per mol for the oxygen-saturated titanium, and 32,- 
000 cal per mol for the oxygen-free specimens. 
These values compare with the previously reported 
values of 26,000 cal per mol by Gulbransen and 
Andrew’ for the low temperature oxidation of tita- 
nium, and between 40,000 and 47,000 cal per mol 
reported by Davies and Birchenall,’ 47,000 cal per 
mol by Grant and Richardson,” and 30,500 cal per 
mol by Jenkins.” 

The agreement of the authors’ value for oxygen- 
saturated specimens with the value found by Gul- 
bransen and Andrew is probably due to the fact that 
at the low temperatures studied by them the diffu- 
sion of oxygen into the metal may be negligible, so 
that their results’ are comparable with those obtained 
by the authors with oxygen-saturated specimens at 
high temperatures. 

The disagreement with the reported values for the 
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oxygen-free specimens at high temperatures may be 
due to the fact that the authors report the results of 
initial rates of oxidation rather than the rates based 
on the long times studied by the other investigators. 
The agreement with the value reported by Jenkins 
is satisfactory. 

These studies are being continued with other 
metals having high oxygen solubilities in order to 
elucidate the influence of oxygen in solution upon 
the mechanism of oxidation of metals. The result of 
this work corroborates the theory put forward by 
Jenkins’ that oxygen diffusion within the core is an 
accelerating factor in the oxidation of titanium. The 
rate of oxide formation will be governed by the 
existing oxygen gradient in the core. 
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Integration of Metallurgical Engineering Education 


by R. Schuhmann, Jr. 


As a response to rapidly growing specialization in various branches of metallurgy, 
it is proposed that undergraduate education in metallurgical engineering should be 
built up around four principal scientific themes: 1—thermodynamics, 2—structure, 


3—mechanics, and 4—rate processes. 


HE following quotation from a recent article by 

von Bertalanffy* describes very well the situ- 
ation which today challenges curriculum designers 
in all branches of science and engineering: 

“Modern scientific education is presented with a 
well known dilemma. The amount of facts in mod- 
ern science, and in any of its smallest branches, is 
enormous. Life in general, and the academic cur- 
riculum in particular, is short. The abundance of 
factual data, as well as the intricacy of modern 
scientific techniques, experimental and theoretical, 
necessitates utmost specialization. This specializa- 
tion, unavoidable though it is, involves serious 
danger for both the education of the scientist and 
the social function of science. 

“In so far as the advancement of science is con- 
cerned, history shows that interconnection of dif- 
ferent fields and problems is a most important basis 
of progress. Many of the paramount achievements 
of science arose on borderlines, and from the syn- 
thesis of formerly separate fields...” 

Specialization in subfields of metallurgy has be- 
come a serious educational problem only in about 
the last decade. The growth in specialization, al- 
most as a necessity, has paralleled the rapid growth 
in metallurgical knowledge during this period. 
Moreover, in planning future educational policies, 


R. SCHUHMANN, JR., Member AIME, is Professor of Metallurgi- 
cal Engineering, Purdue University, Lafayette, Ind. 

Discussion of this paper, TP 3998D, may be sent, 2 copies, to 
AIME by July 1, 1955. Manuscript, Aug. 13, 1954. New York Meet- 
ing, February 1954. 


TRANSACTIONS AIME 


the educator must be concerned not only with the 
rate of increase in metallurgical knowledge and 
with the concomitant rate of increase in specializa- 
tion, but also with the second derivatives, that is, 
with the rates of increase of the rates of increase. 
These second derivatives are positive and large; the 
growths being dealt with are self-catalyzing, or 
like a chain reaction. 

As a measure of specialization, the length of the 
list of different kinds of metallurgies can be con- 
sidered, the kinds of metallurgy which represent 
one person’s particular interests and those of other 
practicing metallurgists. To start with, there are 
physical metallurgy, process metallurgy, and min- 
eral dressing, then mechanical metallurgy, metal 
processing, foundry metallurgy, corrosion, solid 
state physics, high temperature metallurgy, weld- 
ing, powder metallurgy, nuclear metallurgy, etc. 
Each of these fields is growing so rapidly that any 
one metallurgist can hope at best to keep up to 
date in only one or two. 

What is the impact of all these ‘“metallurgies” on 
metallurgical education and metallurgical curric- 
ula? In answering this question, it can be said, first, 
that educators have resisted fairly well the tempta- 
tions to split up metallurgy, with different cur- 
ricula, different options, degrees with different la- 
bels, and the like—degrees are still given in plain 
Metallurgy and Metallurgical Engineering. In other 
ways, though, the pressures of specialization have 
had noticeable effects. There is a tendency to think 
of these “metallurgies” as the important subdivi- 
sions of Metallurgical Engineering and to work up 
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special courses in each one; there is a feeling of 
some sort of obligation to teach these subjects be- 
cause these represent the kinds of things graduates 
will be doing. Perhaps the most serious demarca- 
tion is that between physical metallurgy and ex- 
tractive metallurgy. The dichotomy between physi- 
cal metallurgy and extractive or process metallurgy 
has been handled differently in different institu- 
tions. One philosophy is that the two fields are so 
different they represent substantially different pro- 
fessions—this point of view leads to a curriculum 
treating one field thoroughly and the other in ori- 
entative or survey fashion. Undergraduate curric- 
ula of this kind enable the specialist teacher to do a 
more thorough and satisfying job, but the result is 
a narrower view of the profession, or in the end 
perhaps two professions instead of one. On the 
other hand, when the tendency to specialize in one 
or the other branches is resisted and the curricu- 
lum is designed to cover both in a balanced fashion, 
neither the physical metallurgist nor the process 
metallurgist may be satisfied with the compromise. 
Another alternative is a five-year undergraduate 
program, but this will not be a practical solution 
unless it is adopted for all engineering education. 

The response of metallurgical education to the 
present challenge of rapid growth in knowledge 
and increasing specialization is important to the fu- 
ture of the profession. A strong and lasting metal- 
lurgy profession must be built on a broad firm base, 
not on the shifting sands of currently prominent 
specialized activities, The profession must have 
some essential unity of knowledge and purpose, 
which clearly distinguishes its members from other 
engineers and which defines a field of activity 
where its members are uniquely qualified above all 
other scientists and engineers. It is not clear that 
the present approaches to metallurgical education 
meet these tests of breadth and unity. Programs 
emphasizing one branch of metallurgy achieve 
unity, but at the expense of breadth. Programs de- 
signed to cover metallurgy more broadly seem in 
some respects to have compromised rather than in- 
tegrated the various fields of metallurgy. 

The purpose of this paper is to present a possible 
basis for integration of metallurgical engineering 
education in such a way as to promote both breadth 
and unity in the metallurgical profession. 


Approaching a New Curriculum 

As a first step, it is necessary to forget tempo- 
rarily all the traditional arrangements of subject 
matter as represented by present metallurgy 
courses. No substantial improvement in metallur- 
gical engineering curricula will be achieved merely 
by juggling presently available courses, readjusting 
time distribution between these courses, changing 
sequence, and other tricks of the curricular trade. 
Likewise, major improvement through the inven- 
tion and development of one or two new courses 
cannot be counted upon, since such development 
will have to be limited in scope to avoid cutting 
across all the established courses that are retained. 

The fact that the curriculum is to provide the 
opportunity for a good general education and is to 
fulfill other important requirements common to all 
engineering education is implicit here. 

As the basis for puilding a new curriculum, it is 
necessary first to delineate the few general areas 
of basic science, beyond elementary mathematics, 
physics, and chemistry, which are important to all 
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metallurgists in common—these will be the areas 
of scientific knowledge which characterize the met- 
allurgist and the mietallurgical engineer. If these 
fields of knowledge are made the foundations of the 
curriculum, certain of them will require separate 
basic courses designed specifically to develop the 
body of principles and the point of view of each 
field. Even these courses should utilize illustrative 
metallurgical applications and should be developed 
with the objective of getting the student to learn, or 
start to learn, how to apply basic principles to real 
engineering situations. Subsequent courses should 
bring out interrelations between the different fields 
and should develop the student’s ability to bring all 
points of view to bear on more complex metallur- 
gival situations and realistic metallurgical problems. 

A curriculum built up in this way from the basic 
sciences probably will cover metallurgical tech- 
nology and metallurgical practices rather poorly. 
Some processes, some alloys, and some arts which 
are of considerable industrial importance and which 
have been habitually included hitherto in metal- 
lurgy courses will be left out. A few tears may 
have to be shed over some of the deliberate omis- 
sions, but consolation is to be found in the fact that 
coverage of important metallurgical practices is 
already impossible and with another ten years’ 
growth will be ridiculous even to consider. 


Fields of Metallurgical Science 


Beyond elementary mathematics, physics, and 
chemistry, the field of metallurgy may be charac- 
terized by four principal scientific themes: 1—ther- 
modynamics, 2—structure of matter, 3—engineer- 
ing mechanics and mechanical behavior of materials, 
and 4—rate processes. In this list, order is not sig- 
nificant and further caution must be exercised 
because the labels selected for these four fields may 
mean different things to different people. Undoubt- 
edly, additions will have to be made to the foregoing 
list to prepare men for certain specialized metallur- 
gical activities. Some may need nuclear science 
beyond that given in undergraduate physics; others 
may need advanced mathematics, inorganic chem- 
istry, advanced electricity and magnetism, etc. Such 
additions as these, justifiable though they may seem 
in special cases, do not come in the category of 
being essential for all metallurgists. On the other 
hand, it is difficult to conceive of a man calling him- 
self a metallurgist who cannot call on all four of 
the approaches listed previously. In fact, most 
metallurgists reading this paper will find it easy to 
think of problems in which all four of these points 
of view have contributed simultaneously to the 
overall solutions. 

Thermodynamics: Courses in metallurgical ther- 
modynamics are required in many present metal- 
lurgy curricula. Originally introduced as a basis 
for process metallurgy, this science now is generally 
recognized as a powerful tool in all branches of 
metallurgy. An excellent summary of the relation- 
ship between thermodynamics and metallurgy was 
given recently by Austin® as part of an ASM sym- 
posium on Thermodynamics in Physical Metallurgy. 
Still other recent and convincing evidence of the 
major role of thermodynamics in all branches of 
metallurgy is to be found in such books as Wagner’s 
Thermodynamics of Alloys and Darken and Gurry’s 
Physical Chemistry of Metals. 
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In most schools it is likely that the responsibility 
for teaching metallurgical thermodynamics will fall 
ultimately in the metallurgy or metallurgical engi- 
neering department. The undergraduate will fall 
far short of mastering the whole philosophy of ther- 
modynamics, so it is well that his attention be 
directed at an early stage toward applications of 
thermodynamics to metallurgical systems. If he 
acquires some familiarity with the First and Second 
Laws, a little skill in applying these laws to proc- 
esses in metallurgical systems, and a deeply rooted 
appreciation of the power of the thermodynamic 
method of tackling metallurgical problems, the 
course should be considered successful. 

The traditional three-year sequence of freshman 
chemistry, analytical chemistry, and physical chem- 
istry which is now usually considered prerequisite 
to thermodynamics represents a serious and per- 
haps unnecessary delay to the introduction of ther- 
modynamics. As far as this author is concerned, 
the traditional chemistry sequence has outlived its 
usefulness, and it is time the chemists and the met- 
allurgists together worked out a new arrangement. 
One sequence which seems worthy of careful con- 
sideration is freshman chemistry, physical chem- 
istry in the sophomore year, and a full year of 
metallurgical thermodynamics in the junior year. 
However, it is doubtful that this arrangement will 
work out well if obtained merely by moving pres- 
ent junior courses in physical chemistry back one 
year, or by putting metallurgy sophomores into 
physical chemistry with juniors from chemistry 
and chemical engineering. 

Structure of Matter: A good case can be made for 
the thesis that the distinguishing mark of a metal- 
lurgist is his understanding of structure and his 
ability to interpret all manner of problems in terms 
of structure. Crystallography, metallography, and 
X-ray metallography have long been cornerstones 
of metallurgy curricula. Far-reaching develop- 
ments have occurred in recent years and continue 
to occur, which demonstrate that the metallurgist 
must delve deeper and deeper into structure at all 
levels. Moreover, it has become clear that these 
studies should not be confined to the metallic state 
or even to the solid state. Liquid metals, slags, 
mattes, fused salts, glasses, minerals, and other 
classes of matter also have structures of interest to 
the metallurgist. In view of the extensive growth 
which has occurred in this field in large measure by 
accretion onto existing courses and curricula, the 
time may be ripe for reorganization to obtain a 
more logical approach and perhaps also to intro- 
duce some new material. 

Structural concepts should form a continuous 
thread throughout the curriculum, so that the stu- 
dent is led automatically into examining new sit- 
uations in terms of structure. Moreover, a substan- 
tial start can be made early in the curriculum, 
since these concepts do not require advanced math- 
ematical or physico-chemical treatment. The fact 
that the development of the present knowledge of 
atomic structure, chemical bonds, crystal structure, 
and other structural concepts has involved difficult 
and complex researches and a series of brilliant 
scientific discoveries: should not mislead educators 
into thinking that the resulting structural theories 
themselves are too difficult for the undergraduate. 
On the contrary, structure is a natural place to start 
the untrained mind because it can be seen, drawn 
on paper, and modeled, and does not require in- 
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itially, at least, the abstract thinking of calculus or 
of thermodynamics, for example. Accordingly, it 
seems entirely logical to give in the sophomore year 
a substantial one-year course covering atomic struc- 
ture, the periodic table, chemical bonds, crystal 
structure (ionic crystals, silicates, and minerals as 
well as metals), crystal imperfections, structure of 
liquids and glasses, elementary theory of the metal- 
lic state, etc. Insofar as practicable, the emphasis 
should be placed on understanding what the struc- 
ture is and on its use to account for material prop- 
erties rather than on historical development or on 
experimental and theoretical proofs. Thus, the 
course might well be developed in the metallurgy 
department, as Elementary Structural Metallurgy, 
and might serve as the principal or only metallurgy 
subject in the sophomore year. 

In the last two years of the metallurgical engi- 
neering curriculum, the structure theme inevitably 
will develop further in the student’s mind as he 
undertakes the studies of metallography, constitu- 
tion of alloy systems, mechanical behavior of metals, 
X-ray metallurgy, etc. because this theme already 
dominates these topics regardless of how they are 
arranged in separate courses. 

Mechanics and Mechanical Behavior of Materials: 
The necessity of training metallurgical engineers in 
the field of engineering mechanics needs no great 
amplification here. Perhaps it is sufficient to note 
only that a metallurgical engineer must under- 
stand quantitatively the mechanical behavior of 
metals in machines and structures because the most 
important criteria of metal and alloy worth are me- 
chanical properties under various conditions of use. 

Before World War II, the required service courses 
in applied mechanics and strength of materials were 
not always regarded highly by metallurgy students. 
However, during and since the war, a number of 
important developments have occurred in the field 
of mechanics of materials, most conspicuously in the 
portions of the field which are important to metal- 
lurgists. As a result, it may be time for metallurgi- 
cal engineers to look for more advanced service 
courses which go into mechanics of materials more 
deeply than the courses taken by other engineers. 

Rate Processes: Diffusion, nucleation, crystal 
growth, solidification, precipitation, oxidation and 
scaling, martensitic reactions, carburizing, nitriding, 
galvanizing, desulphurization of liquid iron, gas evo- 
lution from liquid and solid metals—here is just a 
partial listing of metallurgical processes which at- 
test the importance of a unified and generalized 
treatment of rates and mechanisms of metallurgical 
reactions. The indication is clear that the metal- 
lurgist of the future will have many new opportu- 
nities to apply rate~process thinking to the solution 
of engineering problems. Accordingly, consideration 
should now be given to the development of a basic 
course in this field, general enough to serve all 
branches of metallurgy. 


Fields of Metallurgical Engineering 

Undergraduate training in metallurgy and metal- 
lurgical engineering, even though based on a cur- 
riculum with a high content of basic science, must 
produce, in the final analysis, men who are engi- 
neers first and scientists second. The minority of 
metallurgy students who eventually are to become 
metallurgical scientists in research laboratories and 
colleges will benefit from exposure to the engineer- 
ing point of view as undergraduates in any event. 

In a broad sense, the various courses discussed in 
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Table |. Illustrative Metallurgical Engineering Curriculum 


Year 


Subject, Fall 


Subject, Spring 


First Mathematics Mathematics 
Physics Physics 
Chemistry Chemistry 
Humanities Humanities 
Second Mathematics Mathematics 
Physics Physics 
Elementary Physical Elementary Physical 
Chemistry Chemistry 
Structural Metallurgy I Structural Metal- 
lurgy Il 
Humanities Humanities 
Third Metallurgical Thermo- Metallurgical Thermo- 
dynamics I dynamics II 
Metallurgical Engineering Metallurgical Engineer- 
I (stoichiometry, heat ing II (unit proc- 
balance, fluid flow, heat esses) 
flow, etc.) 
Structural Metallurgy III Rates of Metallurgi- 
(metallography, consti- cal Processes 
tution, phase diagrams, 
etc.) 
Engineering Mechanics I peers Mechanics 
I 
Humanities Humanities 
Fourth Metal Processing I Metal Processing II 


Mechanical Behavior of 
Metals 

X-Ray Metallography 

Humanities 

Elective 


Extractive Metallurgy 


Humanities 
Thesis, special problems, 
and/or electives 


the previous section of this paper, “Fields of Metal- 
lurgical Science,” should be considered as applied 
science or engineering courses. Applications to real 
metallurgical systems will be stressed through illus- 
trative examples, and the primary purpose is to 
bring the student to use scientific principles in solv- 
ing engineering problems, not to educate him as a 
scientist. For this reason, many of these courses 
dealing with thermodynamics, crystal structure, re- 
action rates, and other scientific topics probably will 
be taught by metallurgists rather than by chemists 
or physicists. 

Recognizing the fact that metallurgical engineer- 
ing is much more than applied science and the fact 
that engineering activities involve a balance of ap- 
plied science, empiricism, economics, and judgment, 
the courses in the curriculum which emphasize the 
engineering approach now need to be considered. 

A few years ago the author described a sequence 
of three courses designed to cover the engineering 
of process metallurgy.’ In several years’ experience 
with this sequence at Massachusetts Institute of 
Technology, many changes were made in arrange- 
ment of material within the courses and in time 
allotted to various topics, but the overall plan is 
thought to be sound. The three courses cover the 
following material: 1—stoichiometry, heat balance, 
fuels and combustion, fluid flow, heat flow, and re- 
fractories; 2—unit processes of extracting metals: 
reduction of metal oxides, refining of liquid metals, 
gas-solid reactions, and smelting; and 3—integrated 
processes and flowsheets: ferrous metallurgy and 
extractive metallurgy of selected nonferrous metals. 

Metal Processing: The manner in which the field 
of metal processing is handled in the undergraduate 
course of study is perhaps more critical than has 
been generally realized. When the label metal proc- 
essing is taken literally, it covers a major part of the 
actual engineering activities of metallurgical engi- 
neering graduates. Thus, much of the justification 
for a substantial program in metallurgical sciences, 
such as that discussed previously, will have to be 
found ultimately in the impact of these sciences on 


650—JOURNAL OF METALS, MAY 1955 


metal processing. There has been a tendency to 
handle metal processing as a shop course, stressing 
the art, and to place the course early in the curricu- 
lum before the student has acquired an appreciable 
background in metallurgy science. This point of 
view perhaps has some advantages in as far as stu- 


dent motivation is concerned, but seems questionable 


as a basis for advancing metallurgical engineering. 

Another matter to be considered in curriculum 
planning is that in the past much of the meat of 
metal processing has been given in other metallurgy 
courses, especially traditional courses in physical 
metallurgy. The handling of heat treatment illus- 
trates this point. Heat treatment is a complex art 
which draws on scientific principles relating to 
structure, equilibria, mechanics, rate processes, etc., 
but in addition, leans heavily on engineering tests 
and on intelligent engineering use of empirical data 
and empirical or semi-empirical correlations. 

Accordingly, a good case can be made for giving 
metal processing a larger and more vital role in the 
metallurgical engineering curriculum. Such a shift 
would require raising the level of instruction, a new 
balance between science and art, incorporation of 
material previously considered as part of physical 
metallurgy courses, and an increased time allot- 
ment. A two-semester course of this kind in metal 
processing, placed in the fourth year, would afford 
an excellent opportunity for integrating scientific 
principles and engineering practices at the time 
when such integration is most important: just be- 
fore the student enters engineering practice. 


Curriculum 

An illustrative four-year curriculum embodying 
the ideas discussed previously is shown in Table I. 
No attempt is made to show the detail of time allot- 
ments, laboratory time, credits, etc., since these mat- 
ters depend very much on local conditions. 

It should be emphasized again that the curricu- 
lum arrangement shown is not contemplated as a 
rearrangement of already existing courses of the 
same names. Rather, the final arrangement is asso- 
ciated with the substantial redistribution of the sub- 
ject matter of metallurgy around four main themes 
of metallurgical science and, in the last two years, 
a series of terminal and integrative engineering 
courses. 


Conclusion 

Curricular discussions are never concluded, so 
perhaps it is appropriate to end this paper by quot- 
ing a brief statement attributed to Dr. Raymond 
Kirk, Dean of the Graduate School, Polytechnic In- 
stitute of Brooklyn: “Both the teacher and the 
taught must continually reorganize their knowledge 
and continually rephrase their own generalizations.” 


Discussion of this paper, if any, will appear in 
JOURNAL OF METALS, November 1955, and in AIME 
Metals Branch Transactions, Vol. 203, 1955. 
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High Temperature Properties of Iron-Rich Fe-Mo Alloys 


by S. F. Reiter and W. R. Hibbard, Jr. 


A survey of the effect of heat treatment on the room temperature hardness of Fe-Mo 
alloys has been made. Constant strain rate tensile tests were performed between room 
temperature and 1800°F. These data were analyzed to determine the effect of tempera- 
ture and composition on the strain hardening coefficient and strain rate sensitivity. Con- 
stant load creep-rupture tests were made on these alloys and the results related to com- 
position and structure. A relation between the high temperature strength of the precipi- 
tation hardened alloys and the volume of precipitate has been observed. 


N view of the extensive use of ferritic materials 
at elevated temperatures, it is surprising to note 
the limited amount of information relating the vari- 
ables of plastic deformation, i.e., composition, struc- 
ture, temperature, stress, strain, and strain rate. 
Hollomon and Lubahn* showed how the several 
variables of plastic flow might be treated analyt- 
ically. No data were available on carbon-free iron 
and its alloys in a form suitable for this analysis. 
Several German investigations** constitute most of 
the experimental work relating high temperature 
properties to the constitution of these types of mate- 
rials. 

In order to obtain new data, the iron-rich alloys 
of the Fe-Mo system were selected for detailed in- 
vestigation for the following reasons: 1—Some of 
the important effects of molybdenum on the mechan- 
ical properties of iron have already been studied.” * 
‘1 9—By suitable heat treatment of selected alloys, 
it is possible to study strengthening effects of four 
types: A—y-a transformation, B—substitutional, 
C—precipitation, and D—dispersion of hard inter- 
metallic compound. 


Materials and Treatment 
Four-pound ingots were vacuum cast, employing 
the same melting schedule previously used." The 
raw materials were electrolytic iron and lamp-grade 
molybdenum. The ingots were forged to Y% in. sq. 
rod and one portion swaged to 0.350 in. diam rod 
for the production of 1 15/16 in. long button-head 
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specimens. The button-head specimen blanks were 
solution treated for 16 hr at 2100°F in hydrogen of 
—70°C dewpoint and then water quenched. They 
were subsequently plunge ground to the standard 
0.160 in. diam test bar.’ Micrographs of the solution 
treated alloys are given in Figs. la through ld. The 
higher molybdenum alloys contained large equiaxed 
ferrite crystals similar to those in Fig. 1d. 


Table |. Chemical Composition of the Fe-Mo Binary Alloys 


Mo Cc Si Mn Ss P 
0 0.001 <0.01 0.001 0.002 7 
1.09 0.003 0.02 0.003 i? 
2.06 0.006 0.02 0.006 
4.32 0.004 0.02 0.001 7 
5.74 0.004 0.02 5 0.004 7 
8.75 90.004 0.02 * 0.002 7 
10.69 0.004 0.01 0.003 
15.70 0.004 0.02 > 0.003 7 
15.90 0.002 <0.01 0.002 0.002 0.004 


* A slight trace of manganese was detected spectrographically. 
+ The phosphorous contents were in the range from 0.002 to 0.003 
pet: 


A portion of the % in. rod was hot rolled to 0.100 
in., sandblasted, and cold rolled to 0.020 in. Strip 
tensile specimens having a 0.020x0.200 in. cross- 
section and a 2.25 in. gage length were machined 
from the sheet. The alloys containing molybdenum 
were subsequently annealed 1 hr at 1560°F. The 
iron strip was annealed 4 hr at 1300°F in wet hy- 
drogen. The resultant structures are shown in Fig. 
2a through h. The ASTM grain sizes were 1 to 3 
as solution heat treated or 3 to 4 as annealed. 

The chemical analyses of the alloys are given in 
Table I. Carbon contents were obtained after the 
heat treatments in hydrogen. Alloy 15.9 pct Mo was 
tested as a cast alloy.’ 
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b—1.09 pct Mo. 


a—lron. 


c—2.06 pct Mo. d—4,3 Mo. 


Fig. 1—Fe-Mo alloys in the solution heat-treated condition. Heat treated at 2100°F for 16 hr, water quenched. Etched with nital. X100. 


Area reduced approximately 50 pct for reproduction. 


The electrolytic iron melt will be designated 
‘Sron,” and the binary alloys will be referred to by 
their molybdenum contents. 


Equipment 

Constant load creep-rupture tests were run in an 
argon atmosphere at 1200°F. Strain was read from 
a dial gage linked to the shoulders of the specimens. 
The specimen was exposed to the bare heating ele- 
ment in the furnace. The temperature was measured 
and controlled by three Pt—Pt-Rh thermocouples 
positioned along the specimen during the test. The 
maximum temperature difference at 1200°F along 
the 1% in. gage length was 2°F, approximating the 
accuracy of the three thermocouples. The short- 
time cycling of the furnace was +0.2°F, while the 
long-time overnight cycling of the furnace was 

Tensile tests were carried out in air using the 
Instron testing machine previously described.” 


Hardness Survey 

Samples were heated to 2100°F in hydrogen, held 
16 hr at temperature, and quenched in water. Indi- 
vidual specimens were aged 2 hr at various tem- 
peratures in hydrogen and water quenched to room 
temperature. Fig. 3 summarizes the results of the 
study, giving the average hardness value obtained 
from five impressions. 

Three types of curves are shown in Fig. 3. The 
first is shown by the dashed curves of iron, 1.09, and 


a—lron, annealed 1 
hr at 1300°F. 


c—2.06 pct Mo an- 
nealed hr at 
1560°F. 


e—5.74 pct Mo an- 
nealed 1 at 
1560°F. 


2.06 pct Mo. These compositions transform from y 
iron when water quenched, producing an irregular 
martensitic-type structure. When heated above 
1000°F, the alloys soften rapidly. At 1800°F, iron 
1.09, and 2.06 pct Mo have the y structure, so that 
quenching from this temperature and from 2000°F 
increases the hardness as a result of martensitic- 
type transformation. 

The second characteristic hardness temperature 
curve is that of 4.32 pet Mo. This alloy undergoes 
no phase change between room temperature and its 
melting point and no significant change in room 
temperature hardness occurs as a result of heating 
to 2000°F. 5.74 pct Mo has essentially the same 
hardness temperature behavior. However, at 1200°F, 
5.74 pet Mo precipitates a very small amount of « 
phase. The amount of precipitation is not large 
enough to produce appreciable hardening. 

The third type of curve is displayed by 8.75, 10.69, 
and 15.70 pect Mo. At 1200°F, measurable precipi- 
tation hardening occurs. The hardening effect is 
greater the larger the molybdenum content. 

Fig. 4 relates the maximum and minimum hard- 
ness values to the Fe-Mo constitution diagram. Both 
transformation and precipitation reactions are shown 
to be very effective hardeners. 


Tensile Data 
True Stress-True Strain Plots: The true stress- 
true strain plots were determined for all the Fe-Mo 


b—1.09 pct Mo an- 
nealed 1 hr at 
1560°F. 


d—4,32 pct Mo an- 
nealed 1 hr at 
1560°F, 


f—8.75 pct Mo an- 
nealed 1 at 
1560°F. 


g—10.69 pct Mo an- 
nealed 1 at 
1560°F. 


Fig. 2—Fe-Mo alloys in the annealed condition after 80 pct cold work. Etched with nital. 


h—15.70 pct Mo an- 
nealed 1 at 
1560°F. 


X100. Area reduced approximately 50 pct for reproduction. 
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Fig. 3—Aging studies of Fe-Mo alloys. 


alloys. They were tested after a water quench from 
2100°F and at a strain rate of 0.09 min“. The sam- 
ples were 0.160 in. diam rods, except for 15.70 pct Mo, 
which was tested as 0.020x0.200 in. strip. This alloy 
cracked during swaging so that no bar stock was 
available. 

In Fig. 5, the ultimate tensile strengths at the sev- 
eral testing temperatures are shown as a function 
of composition for the solution treated alloys. Data 
for stress at constant strain values as a function of 
composition resulted in plots essentially similar to 
those in Fig. 5. 

The interesting feature of Fig. 5 is a maximum in 
strength which is apparent at about 2 pct Mo for the 
alloys tested at room temperature and 1000°F. This 
peak is associated with the transformation harden- 
ing reaction. At higher testing temperatures, trans- 
formation hardening is not effective. The iron and 
1.09 pct Mo alloys are stronger in the face-centered- 
cubic structure at 1800°F than they are at 1600°F 
in the body-centered-cubic form. Another interest- 
ing feature of Fig. 5 is the increase in tensile strength 
at 1400° and 1600°F in alloys that precipitate a sig- 
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Fig. 5—The effect of temperature on the tensile strength of 
Fe-Mo alloys tested in the solution heat-treated condition. 


nificant amount of « phase during the tensile test. 
True stress-true plastic strain plots were also de- 
termined for the Fe-Mo alloys tested in the annealed 
condition at a strain rate of 0.09 min™. In all cases, 
the test samples are 0.020x0.200 in. strip. Fig. 6 
gives the tensile strengths of these alloys in the an- 
nealed condition as a function of composition. Data 
for stress at constant amounts of plastic strain pro- 
duced similar plots. Alloys with more than 5.74 pct 
Mo contain some e, and a significant increase in 
their strength results from the dispersed phase. The 
curves are shown dotted connecting 10.69 and 15.70 
pet Mo because the condition or dispersion of the 
second phase is not constant for these materials. 
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Fig. 6—The effect of temperature on the tensile strength of 
Fe-Mo alloys tested in the annealed condition. 
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Fig. 7—The effect of temperature on the strain hardening 
exponent of Fe-Mo alloys tested in the solution heat-treated 
condition. 
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Fig. 8—The effect of temperature on the strain hardening 
exponent of Fe-Mo alloys tested in the annealed condition. 


Yield Points: Yield points were not found in the 
stress-strain curves for specimens of any of the alloys 
tested at room temperature after solution heat treat- 
ing at 2100°F in dry hydrogen and water quenching. 
These specimens were plunge ground after heat 
treatment and tested days after heat treatment. It 
is suggested that the absence of the yield point is 
the result of either quenching or of the removal of 
carbon during the 16 hr 2100°F treatment in dry 
hydrogen” and is not related to the presence of 
molybdenum.” 

Specimens cold rolled and annealed at 1560°F 
were found to have small yield points at room tem- 
perature when the alloy content was less than 8.75 
pet Mo, i.e., single-phase alloys at the annealing 
temperature (see Fig. 4). The prominence of these 
yield points was related to the carbon content in 
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Fig. 9—Effect of temperature on the strain rate sensitivity, n, 
of Fe-Mo alloys. The values given with the data points are the 
true plastic strain, e, at the rate change. 


Table I, not to the molybdenum content. (For exam- 
ple, the 2.06 pct Mo alloy containing 0.006 pct C 
had the most prominent yield point.) The alloys 
containing 8.76 and 10.69 pct Mo were annealed at 
a temperature where Fe,Mo, was precipitated. These 
alloys had no yield points at room temperature, 
probably because the carbon was partitioned from 
the solid solution and dissolved in the intermetallic 
compound. These results are also consistent with 
the results of Edwards, Phillips, and Jones,”® who 
found that the presence of molybdenum in solid 
solution does not counteract the effects of carbon in 
causing yield points in iron. 

Strain Hardening: The true stress-true plastic 
strain data for the alloys in the solution heat treated 
and annealed conditions were plotted on logarithmic 
coordinates. These plots result in straight lines for 
the majority of the alloys tested and can be inter- 
preted in terms of the expression given by Hollomon 
and Lubahn* 


c= [1] 


where o and « are the true stress and true plastic 
strain, respectively, K, is a constant, and m is the 
strain hardening exponent. The strain rate, ¢, and 
temperature, T, were constant for these tests. 

Fig. 7 shows the effect of temperature on the strain 
hardening exponent for alloys in the solution heat 
treated condition. At room temperature, m decreases 
with increasing alloy content. However, at 1000° 
and 1200°F, age hardening alloys are associated with 
essentially constant strain hardening exponents. The 
pure iron sample tested at 1400°F had a very small 
m value which may be the result of recovery. Tensile 
tests performed on the alloy series at 1600°F yielded 
m values close to zero and are not plotted. At 
1800°F, the large values of m for the iron and 1.09 
pet Mo alloys are believed to be the result of the 
face-centered-cubic structure. 

In Fig. 8, m values are shown for the alloys tested 
in the annealed condition. At room temperature up 
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to 1400°F, there is a decrease in the strain harden- 
ing exponent value with increasing molybdenum 
content similar to that observed by French and 
Hibbard in copper alloys.” At 1600°F, the m value 
falls off to zero at 2 pct Mo but rises again in alloys 
containing more than 8 pct Mo. This rise is believed 
to be related to the contribution of dispersion hard- 
ening. At 1800°F, only the two face-centered-cubic 
materials displayed significantly large strain hard- 
ening exponents. 

Effect of Strain Rate: During many of the tensile 
tests previously described, the strain rate was de- 
creased by a factor of ten after the maximum load 
had been reached. The strain rate sensitivity given 
as the exponent in Eq. 2 was calculated, and the 
results are shown in Fig. 9. 


o = [2] 


K, is a material constant and the strain, «, and 
temperature, T, are also invariant. Also shown in 
Fig. 9 are the values of strain at which the rate was 
changed. There is significant increase in the rate sen- 
sitivity with increasing temperature above 1000°F. 
At this time, the shape of the curves cannot be 
rationalized possibly because of the experimental 
variation in strain, e. 


Tensile Tests in Vacuum 
The 1800°F tensile data for pure iron showed 
irregularities. Tensile tests were run on 0.160 in. 
diam iron samples in vacuum for purposes of com- 
In Fig. 10, the nominal stress-nominal 


parison. 
plastic strain curve for specimens tested in air 
Ly 
——— TESTED IN AIR 
TESTED IN VACUUM 


b) .O91 MIN.~! 
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NOMINAL PLASTIC STRAIN 


Fig. 10—Comparison of tensile tests of pure iron at 1800°F in 
air and in yacuum. 
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(curve a) may be compared with the test run in 
vacuum under similar strain rate conditions (curve 
b) and at slower strain rates (curves c and d). The 
maxima appeared at essentially the same strain 
values and therefore are believed to be a manifes- 
tation of a strain-dependent softening reaction at 
this temperature. The tests at lower strain rates 
(shown by curves c and d) exhibit smaller load 
values, indicating a relatively large strain rate sen- 
sitivity at this temperature. Localized necking had 
started in several locations in each of these speci- 
mens. The final grain size in the necked areas was 
essentially similar to that in the rest of the gage 
length. 


Creep and Rupture Data 

All of the creep-rupture tests were performed at 
1200°F. Since all of the creep tests were taken to 
rupture, an inversion point with respect to creep 
rate was observed. This minimum creep rate is 
shown plotted in Fig. 11 as a function of initial 
stress. The maximum load in a tensile test is shown 
plotted against the strain rate for the tests in air 
at 1200°F. The maximum load stress was selected 
because it is considered to be analogous to the con- 
ditions reflecting minimum creep rate in a creep 
test. The straight line connecting the creep data 
intersects the tensile data in this plot for the alloys 
that do not exhibit particularly strong aging re- 
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Fig. 12—Effect of composition on the stress to produce 0.1, 
0.5, and 1.0 pct creep strain and rupture in Fe-Mo alloys at 
1200°F. Nisbet data from ref. 7. 
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Fig. 13—Parametric plots including tensile and rupture data. In each plot, closed circle represents tensile solution heat treatment; open 


circle, tensile annealed; and triangle, rupture solution heat treatment. 


actions. For the two high molybdenum alloys, the 
line falls between the tensile strengths for the solu- 
tion heat treated and annealed specimens. 

Similar straight-line logarithmic plots were ob- 
tained for initial stress plotted against time for rup- 
ture, 1.0 pet creep strain, 0.5 pct creep strain, or 
0.1 pet creep strain. In Fig. 12, composition is re- 
lated to the initial stress to cause rupture, 1.0, 0.5, 
and 0.1 pct creep strain in 100 hr at 1200°F. The 
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knee in the rupture curve at 2 pct Mo is believed to 
be related to the strengthening effect produced by 
transformation hardening. This effect is more pro- 
nounced with increasing strain. The most signifi- 
cant effects of composition on strength occur in the 
range of compositions involving precipitation hard- 
ening alloys. 
Parameter Plots 
The rupture and tensile data previously reported 
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are assembled in a series of plots in Figs. 13a to Sie 
wherein temperature and time are combined ac- 
cording to the Larson-Miller® parameter expression 


Px» = T(20 + log t)10~ [3] 


where T is test temperature in degrees Rankine and 
t the duration of the test in hours. A rather large 
difference between the rupture and tensile data for 
iron is shown in Fig. 13a. This difference is be- 
lieved to be due to precipitation of FeO” during the 
1200°F creep-rupture tests and the accompanying 
loss of ductility, which greatly reduced the rupture 
life. The temperature of the phase change for a 
tensile test is indicated by a vertical dashed line in 
this plot and also in Fig. 13b for 1.09 pct Mo. From 
Fig. 13c, 2.06 pct Mo is strengthened by the mar- 
tensite transformation more than iron and 1.09 pct 
Mo alloys. The rupture data fall on the same line 
as the solution heat treated tensile data. Alloy 4.32 
pet Mo (Fig. 13d) undergoes no phase change dur- 
ing heat treatment and there is good agreement be- 
tween the rupture and tensile data for both heat 
treatments. The same agreement is found for 5.74 
pet Mo, shown in Fig. 13e, since the amount of « 
precipitated in long-time tests at 1200°F is ex- 
tremely small. For the higher molybdenum alloys, 
Fig. 13f illustrates the larger strengthening due to 
precipitation hardening at higher testing tempera- 
tures (solution heat treated) and of dispersion hard- 
ening at lower testing temperatures (annealed). The 
difference is believed to be of degree rather than 
kind, i.e., the alloy previously solution treated pre- 
cipitates a very fine dispersion, while the annealed 
materials have large coarse particles in their 
structure. 


Discussion 
The linear logarithmic creep-rupture plots similar 
to Fig. 11 suggest the following relationship be- 
tween initial stress, S, and the time, t, for a pre- 
determined amount of creep 


[4] 
where the creep strain, «, and the test temperature, 
T, are constant, and K, and n’ are material constants. 
Eq. 4 follows from Eq. 2, since at constant stress ¢€ 
is proportional to 1/t. Eq. 4 can also be written in 


the form 
t = K,S"|.,- [5] 


Values of n’ have been determined graphically and 
the values tabulated in Table II. It is interesting 
to note that the n’ values are consistently larger 
than the rate sensitivity, n, which was determined 
from tensile data by the use of Eq. 2. Alloys 1.09, 
2.06, and 4.32 pct Mo show a smaller slope (An’ is 
negative) with increasing amounts of creep, L.e., 
they are becoming more stress sensitive with in- 
creasing amounts of creep. These alloys are tem- 
pered or softened in the conventional sense at 
1200°F. Alloys 5.74, 8.75, and 10.69 pct Mo, the 
age hardening alloys, display increasing slopes (An 
is positive) with increasing amounts of creep, Le., 
these alloys are becoming less stress sensitive at 
larger creep strains. Iron, when tested at 1200°F, 
shows a behavior with regard to An’ similar to that 
of the age hardening high molybdenum alloys, prob- 
ably due to a precipitate thought to be FeO”. 

The relative effectiveness of solution and pre- 
cipitation hardening in Fe-Mo alloys may be esti- 
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mated from Fig. 12. At 1200°F, the maximum 
amount of solution strengthening at the solid solu- 
bility limit of 5 pet Mo in iron results in a 100 hr 
rupture strength of 10,500 psi. By the dispersion of 
a stable intermetallic compound, three to five times 
the rupture strength of the saturated solution may 
be obtained. 


Table Il. Comparison for n’ and n for Solution Heat-Treated Fe-Mo 
Alloys Tested at 1200°F 


Rate 
Sensitivity from 
Tensile Tests 


n’, Negative Slope of 
Log Stress-Log Time Plot 


Strain 
wt Creep, In. per In. at Rate 
Pet Change, 
Mo 0.001 0.005 0.01 Pet An’ n In. per In. 
0 0.093 0.093 0.111 19 — —_— 
1.09 0.103 0.090 0.085 —18 0.062 0.30 
2.06 0.101 0.092 0.084 —17 0.078 0.10 
4.32 0.082 0.078 0.075 — 9 0.034 0.21 
5.74 0.074 0.076 0.083 12 — — 
8.75 0.061 0.085 0.088 28 0.030 0.16 

10.69 0.072 0.092 0.095 32 0.02 0.10 


The increase in creep and rupture strength due to 
precipitate hardening is plotted in Fig. 14 as a func- 
tion of the equilibrium volume fraction of Fe,Mo, 
calculated from the stoichiometric composition and 
assumed densities of a and «, 7.9 and 9.0, respec- 
tively.” A line of slope 1.5 in Fig. 14 is in fair agree- 
ment with the rupture data. 

On the basis of dislocation theory, Fisher, Hart, 
and Pry” described the increment in tensile flow 
stress, Ao, in this way 


Ao = Kj [6] 
where k is a constant, f(r) is a function of the par- 
ticle radius, and f the volume fraction. The rupture 
data indicate a correlation between the contribu- 
tion of hard particles to rupture strength and to 
increased flow stress in tensile tests. It is assumed 
that the effective particle radii were sufficiently 
constant to conform to this relationship. The par- 
ticles measured at X500 are approximately 0.1 
micron in diameter. 

In the present study, three of the conditions of 
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the mechanical equation of state given by Hollomon 
and Lubahn' were evaluated, namely, that log o,, 
m, and n should be linear functions of temperature. 
In Fig. 15, the yield stress at 0.005 strain is plotted 
against the absolute temperature on semilogarithmic 
coordinates. The high temperature portion of the 
curve is linear, but the data do not clearly delineate 
the effect of composition on the slope. In Fig. 16, the 
strain hardening exponent is plotted as a function 
of temperature, and again the high temperature 
portion may be considered as a family of straight 
lines. Plotting the strain rate sensitivity, n, against 
absolute temperature yields another set of straight 
lines in the high temperature area shown in Fig. 17. 
In the preceding plots, only the solid solution alloys 
in the annealed condition were considered. Solid 
solution alloying may be considered to increase the 
transition temperature between low and high tem- 
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Fig. 15—Yield stress of annealed solid solution alloys ys abso- 
lute temperature. 
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Fig. 16—Strain hardening exponent ys absolute temperature. 
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perature behavior in the three preceding plots. In 
Fig. 16 the temperature dependence of the strain 
hardening exponent appears to increase with in- 
creasing alloy content. Similarly, in Fig. 17, the 
strain rate sensitivity’s temperature dependence 
also increases with molybdenum content. 

In Fig. 18, the strain hardening exponent is re- 
lated to the yield stress at constant temperature 
values for the solution strengthened alloys in the 
annealed condition. The slope appears to increase 
in a regular manner as the testing temperature is 
increased. 

Alloying Principles 

Previous investigators’® have contended that, in 
the low alloy area of the phase diagram, maximum 
high and low temperature strengthening is achieved 
by quenching from a saturated solution of austenite. 
This effect is strongly time and temperature de- 
pendent. The tensile data (Fig. 5) for quenched 
alloys show that the relative contribution of trans- 
formation hardening decreases from a maximum at 
room temperature to essentially zero at 1400°F. 

The temperature and time dependence of trans- 
formation hardening is also illustrated in the para- 
meter plots given in Figs. 13a, b, and c. The strengths 
of quenched samples approach those of annealed 
material at parameter values that increase with in- 
creasing molybdenum content. This effect may be 
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related to 1—the increase in transformation tem- 
perature, and 2—increased stability of the ferrite 
grain boundaries with increasing alloy content. 

As shown in Figs. 5, 6, and 12, a fine and rela- 
tively stable dispersion is a much more potent 
strengthening factor at high temperatures than is 
solution or transformation strengthening. This find- 
ing is in accord with the fact that currently avail- 
able high temperature ferritic alloys contain a fine 
dispersion of alloy carbides. 

In agreement with Nisbet and Hibbard,’ an allo- 
tropy-free material and one of very low precipita- 
tion hardening potential give single-line parametric 
strength curves (Figs. 13d and e), regardless of heat 
treatment. Alloys that contain a fine dispersion of 
a precipitate show marked superiority in strength 
at high temperatures over the annealed or overaged 
structures (Fig. 13f). 


Summary 

1—A survey of the effect of heat treatment on the 
room temperature hardness of Fe-Mo alloys has 
been made, and the results have been related to the 
constitution diagram. 

2—Constant strain rate tensile tests on polycrys- 
talline electrolytic iron and its alloys with molyb- 
denum have been performed between room tem- 
perature and 1800°F. The data were analyzed as 
true stress-true strain plots and also as plots of 
tensile strength at several temperatures which may 
be related to the constitution diagram. The effects 
of temperature and composition on the strain hard- 
ening exponent and strain rate sensitivity were de- 
termined. 

3—Constant load creep-rupture tests were per- 
formed and the results related to composition and 
structure. A relation between the high temperature 
strength of the precipitation hardened alloys and 
the volume of precipitate has been observed. 

4—Support for the concept of a mechanical equa- 
tion of state was obtained. The influence of alloying 
on some of the parameters of the equation of state 
has been demonstrated. 
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Viscous Flow of Copper at High Temperatures 


by A. L. Pranatis and G. M. Pound 


Changes in length of copper foils of varying thickness and grain size were measured under such 
conditions of low stress and high temperature that it is believed that creep was predominately the 
result of interboundary diffusion of the type recently discussed by Conyers Herring. The surface tension 
of copper was calculated and results confirmed previous work within the limits of experimental error. 
Under the assumption of viscous flow, viscosities were calculated as a function of temperature and 
grain size. Predictions of the Nabarro-Herring theory of surface grain boundary flow were borne out 
fully and the Herring theory of diffusional viscosity is strongly supported. 


NLY a relatively few techniques for obtaining 

the surface tension of solids are presently 
available. Of these, the simplest and most straight 
forward is the direct measurement of surface tension 
by the application of a balancing counterforce. Thin 
wires or foils are lightly loaded and strain rates 
(either positive due to the downward force of the 
applied load or negative if the contracting tendency 
of surface tension is sufficiently greater than the 
applied stress) are observed. By plotting strain rates 
against stress, the load which exactly balances the 
upward pull is found and a simple calculation yields 
a value for the surface tension. 

The technique is of comparative antiquity, and 
solid surface tension values were reported by Chap- 
man and Porter,’ Schottky,’ and Berggren® in the 
early part of the century. Later, the filament tech- 
nique became fairly well established as a method for 
determining the surface tension of viscous liquids, 
and Tammann and coworkers,” Sawai and co- 
workers,** and Mack’ showed good agreement be- 
tween the values of surface tension for glasses and 
tars obtained by the filament technique and by more 
conventional methods. 

With the increased confidence in the technique 
gained in these experiments, the method was applied 
to solid metals and the first reliable values of sur- 
face tension of solid metals were reported by Sawai 
and coworkers” * and by Tammann and Boehme.” 
More recently, Udin and coworkers” have reported 
the results of experiments with gold, silver, and cop- 
per wires. Similar experiments with gold wires 
were carried out by Alexander, Dawson, and Kling.” 

The excellent review articles of Fisher and Dunn” 
and of Udin* should be referred to for detailed 
criticism of the foregoing work and for discussion 
of underlying theory. 

In all the foregoing calculations, it is assumed 
implicitly that the material contracts or extends uni- 
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formly along the length of the specimen and also 
that it flows in a viscous fashion, i.e., that strain rates 
are proportional to stress. For an amorphous mate- 
rial, such as glass, tar, or pitch, the assumptions are 
quite valid and good agreement is obtained with 
values of surface tension measured by other tech- 
niques. The values reported for metals, however, are 
occasionally regarded with misgiving, since it can 
be argued that, because of their crystalline nature, 
true solids can not deform in a viscous fashion. If 
this is true, then the results reported for solid metals 
over a long period of years are of only doubtful 
value. 

Thus it is clearly necessary that a mechanism be 
established that would explain both the viscous flow 
and the uniform deformation that has been assumed. 
Such a mechanism has been proposed by Herring.” 
Briefly, he suggests that, under the conditions of the 
experiment, deformation takes place by means of a 
flow of vacancies between grain boundaries and sur- 
faces. This is a direct but independent extension of 
the theory proposed by Nabarro” in an attempt to 
explain the microcreep observed by Chalmers.” 

In a condensed form the Herring viscosity equa- 
tion is 

TRL 
D 


where 7 is the viscosity, T the absolute temperature, 
R and L grain dimensions, and D the self-diffusion 
coefficient. In its complete form, all constants are 
calculable and it includes such factors as grain shape, 
specimen shape, and degree of grain boundary flow. 
When applied to existing data, good agreement was 
obtained between predicted and observed flow rates. 

The theory received provisional confirmation from 
the work of Buttner, Funk, and Udin® who observed 
viscosities in 5 mil Au wire much higher than those 
in the 1 mil wire used by Alexander, Dawson, and 
Kling.“ More significant were the completely neg- 
ligible strain rates found by Greenough” in silver 
single crystals. Opposed to these observations were 
those of Udin, Shaler, and Wulff* who found indica- 
tions of viscosity decreasing as grain size increased. 

Thus, complete confirmation of the theory was 
lacking in that the data to which it could be applied 
contained only a limited number of grain sizes. 
Hence, it was proposed that a series of experiments 
be carried out with thin foils of varying grain size 
up to and including single crystals, where, according 
to the Herring theory, deformation would occur only 
at almost infinitely slow rates. 
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Experimental Procedure 

Three grades of copper were used to prepare the 
specimens: electrolytic foil of 4 nines purity, extra- 
pure OFHC copper of at least 5 nines purity, and 
ordinary OFHC of 4 nines purity. No difference in 
creep behavior for the different grades of copper 
could be detected and no effort has been made to 
separate the effect of starting material in the presen- 
tation of the data. 

After rolling the copper down to size, specimens 
about % in. wide and about 5 in. long were cut from 
the sheet. Triangular gage marks then were cut 
through the specimens and copper suspension hooks 
attached to the folded ends. It is believed that the 
gage marks were far enough from the ends of the 
specimens so that end effects could be ignored. 

The hard-rolled specimens were washed in a de- 
greasing solution and then dipped in a % pct H.SO, 
solution and chemically polished in a solution of 8 g 
K,Cr.O,, 10 cc saturated NaCl solution, 30 cc H.SO,, 
and 40 g CrO; in 8000 cc H.O. They then were re- 
turned to the H.SO, solution and finally washed in 
distilled water and then in alcohol. After this treat- 
ment, the specimens showed the typical salmon-pink 
color of clean unoxidized copper. It cannot be pre- 
tended that the chemical polishing resulted in per- 
fectly plane surfaces, but it was necessary to resort 
to chemical polishing, since no satisfactory electro- 
polishing technique could be developed. After the 
final cleaning, the specimens were suspended in the 
furnace chamber, to be described later, each with a 
4 g weight attached. 

The specimens were then held at 1060°C for 8 hr 
for annealing and straightening. It was found that 
this treatment resulted in a reproducible grain di- 
ameter R for all specimen thicknesses. Inasmuch as 
each grain extended completely through the foil, 
the grain thickness is the same as the foil thickness 
L. This preliminary anneal at 1060°C was at a higher 
temperature than that of any of the creep tests in 
order to prevent secondary recrystallization during 
the runs. Another factor preventing grain growth 
was thermal etching of the grain boundaries which 
tended to inhibit boundary movement. In those few 
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Fig. 1—Arrangement of specimens in copper furnace chamber. 
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cases that grain growth occurred (usually caused by 
damage to the specimens during measurement), the 
“ghosts” of the former grain boundaries were quite 
apparent in the recrystallized grains and these speci- 
mens were then discarded. 

After annealing, gage lengths were measured at 
room temperature and a preliminary grain size count 
was made. For purposes of grain size measurement, 
the grains were considered as circular and the num- 
ber of grain boundaries intercepted by the cross- 
hairs, as the cathetometer moved between the gage 
marks, was counted. This gave an average chord of 
the circular grains which was converted to average 
grain diameter by the formula 


Average Diameter = =) (average chord). 


Table I shows the average grain diameter for each 
of the specimen thicknesses. 


Table |. Grain Size for Various Foil Thickness 


L, Foil R, Average 

Thick- Average Grain Diam- RxL 
nesses, In. Chord, In. eter, In. R/L (10-*) Sq In. 

0.0015 0.004 0.0063 4.2 9.45 

0.002 9.0051 0.008 4 16 

0.003 0.00525 0.00825 2.75 24.8 

0.004 0.00445 0.007 175 28 

0.005 0.0051 0.008 1.6 40 


As far as could be determined from the evidence 
of slip lines in deliberately strained crystals, all 
specimens had the standard texture with (001) 
planes in the surface and the 100 direction parallel 
to the length of the specimen. 

Single crystal foils were used in a number of pre- 
liminary creep tests. These were prepared by sec- 
ondary recrystallization in a horizontal moving fur- 
nace. As discussed later, no length changes could be 
detected in the single crystals and only a limited 
number of these specimens were prepared. 

Furnace and Specimen Chamber: Three double- 
wound Kanthal furnaces were used for the creep 
tests. One winding was adjusted by resistances so 
that line voltage held it about 50° to 75°C below 
the desired temperature. The second winding was 
controlled to hold the test temperature. Over short 
periods of time, temperatures were held to within 
14°C and it is believed that variations of tempera- 
ture over long periods of time were less than 3°. 

The specimens were suspended in a copper cham- 
ber (illustrated in Fig. 1) from tungsten hooks 
attached to the cover block which then was pinned 
to the chamber wall. The whole chamber was then 
lowered into a 3 ft Vycor tube sealed at the bottom. 
The Vycor tube was then connected to the gas purifi- 
cation train by means of ground-glass joints. 

Atmospheres: All runs were made in either puri- 
fied hydrogen or helium. The hydrogen was purified 
in the following train: 1—deoxo tube; 2—indicating 
alumina; 3—copper gauze, 550°C; 4—indicating 
alumina; 5—platinized asbestos, 550°C; 6—indicating 
alumina and ascarite; 7—-cold trap, dry ice and ace- 
tone; and 8—10 liter storage flasks. 

The following train was used to purify the 
helium: 1—mixed alumina and ascarite; 2—copper 
oxide, 550°C; 3—indicating alumina; 4—copper 
gauze, 550°C; 5—indicating alumina; 6—cold trap, 
dry ice and acetone; and 7—10 liter storage flasks. 

Experimental Procedure: After cleaning and an- 
nealing, the initial gage lengths of the specimens 
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Table II. Surface Tension of Copper Foils 


L, specimen 


thickness, in. 0.0015 0.002 
R, average grain 

diameter, in. 0.0063 0.008 
L/R 1/4.2 


1/4 
Equation P = 0.96yW P = 0.958yW 


Surface Tension, Dynes per Cm 


Temperature, °C 


1051 1780 1690 

1024 1660 1740 

1002 1680 1720 
975 1680 — 
960 1680 = 


0.003 0.004 0.005 
0.00825 0.007 0.008 
1/2.75 1/1.75 1/1.6 
P = 0.94yW P = 0.905yW 0.896y~W 
1760 1680 1680 
(assumed) (assumed) 

1690 — = 

1800 


were measured while still suspended from the cham- 
ber cover and then the specimen assembly was re- 
placed in the furnace chamber. The chamber then 
was carefully lowered into the Vycor furnace tube 
which was sealed to the gas train. The Vycor tube 
was then alternately evacuated and flushed with 
hydrogen at room temperature and then carefully 
lowered into the vertical furnace. Another series of 
alternate evacuations and flushings at temperature 
with the desired atmosphere then followed and the 
tube was then sealed off from the gas train so that 
the specimens remained in a static atmosphere dur- 
ing the run. 

After a desired period of time, usually 4, 8, or 12 
hr, the Vycor tubes were removed from the furnace 
and allowed to cool to room temperature. This 
usually took about 10 min, but the time at which 
diffusion was appreciable was probably no more 
than 2 or 3 min. The specimen chamber was then 
removed from the Vycor tube and the cover plate 
was unpinned and removed. Gage lengths were then 
measured with the specimens still suspended from 
the cover plate. A Gaertner cathetometer with a 
specially adapted draw tube to give magnifications 
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Fig. 2—Results of typical creep test. Data are plotted as 
(1 —1,)/1, ys time. 0.002 in. specimens, 1002°C. 
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of X75 and a claimed accuracy of 0.0002 in. was 
used to measure length changes in the specimens. 
In practice, accuracy was somewhat less than this, 
but it was found that results were reproducible 
within 0.0003 in. 

On completion of the runs, which usually lasted 5 
to 10 days, another grain size count was made and 
the specimens cut in two for weighing. 

A number of unweighted single crystal specimens 
of 0.0015 in. thickness were used in a preliminary 
test, but no shrinkage could be detected even when 
the specimens were lying flat on carbon blocks with 
only friction between the specimen and block oppos- 
ing the surface stress. It was concluded therefore 
that deformation of the viscous type did not occur at 
a detectable rate in single crystals. 


Results 
Results of a typical creep test are shown in Fig. 2. 
The data are plotted as (1 — 1,)/1, (where 1, is the 
original gage length) vs time. The slopes of these 
curves are shown plotted against the corresponding 
stresses in Fig. 3. From these strain rate vs stress 
curves, surface tension is calculated from the equa- 


| 
6R 


where L/R is the ratio of specimen thickness to grain 
diameter, W the specimen width, y the surface ten- 
sion, and P the intercept on the stress axis corre- 
sponding to zero creep rate. It is assumed that the 
grain boundary energy is 1/3 that of the surface and 
that the grain boundaries form a hexagonal net- 
work.” Table II shows a summary of the surface 
tension calculations. The values for the thinner 
specimens are believed to be the more reliable and, 
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Fig. 3—Slopes of curves in Fig. 2 plotted against corresponding 
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Fig. 4—Viscosity as a function of grain size. 


in fact, the average calculated from the 0.0015 in. 
data is interpolated in some of the data for the 
thicker specimens in order to establish the slope of 
the strain rate vs stress curves. 

By definition, the reciprocals of the slopes of the 
strain rate vs stress curves are the viscosities, that is 


o= née. 


Since one of the purposes of this work has been to 
establish the validity of the Herring viscous flow 
mechanism, which defines viscosity 
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where T is the absolute temperature, R and L grain 
size parameters, and D the self-diffusion coefficient, 
the viscosity has been plotted as a function of these 
parameters in Figs. 4, 5, and 6. In Fig. 4, viscosity 
is plotted against the product of the grain dimen- 
sions. In Fig. 5, the natural logarithm of the vis- 
cosity is plotted as a function of the inverse tem- 
perature for each of the three smallest grain sizes. 
Strictly, of course, the data should be plotted as In 
n/T vs 1/T but failure to do this in Fig. 5 introduces 
an error of less than 1 pct in the slopes. And finally 
in Fig. 6, where In 7/TRL is plotted against 1/T, all 
the viscosity data is combined to yield one straight 
line with a slope corresponding to an activation en- 
ergy of 56,800 cal per mol. Values of the coefficient 
of volume self-diffusion have been variously re- 
ported from 39,000 to 61,400 cal per mol, the higher 
values being the more reliable. In Table III, the ob- 
served values for the coefficients of viscosity are 
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Fig. 5—Viscosity as a function of temperature. 
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Fig. 6—Viscosity as a function of grain size and temperature. 


compared with those predicted by the equation 


2 2 


( y ( ) 
V, 
10 4 DQ 
where k is the Boltzman constant, T the absolute 


temperature, D the self-diffusion coefficient, © the 
atomic volume, and V, the average grain volume. 


Table Ill. Comparison of Observed and Predicted Values of the 
Viscosity Coefficients of Copper 


Viscosity, Poise (1013) 
1051°C 1024°C 1002°C 975°C 960°C 


Specimen 
Thickness, In. 


Observed, He 


6.36 7.04 9.5 

0.0015 Observed, Hz 5.00 6.93 9.35 11.1 18.6 
Predicted 1.64 2.56 4.00 6.2 9.7 

0.002 Observed 9.35 12.1 16.1 — —_— 
Predicted 4.1 6.33 7.93 — — 

0.003 Observed 11.15 13.9 23.4 —_— — 
Predicted 5.6 9.24 11.55 

0.004 Observed 11.15 — 

0.005 Observed 20.4 — — — — 
Predicted 15.4 — 


The self-diffusion coefficient was calculated from the 
relationship D = 47 exp. (61,400/kT), which is the 
equation given by Rollin.” The foregoing equation 
for viscosity has been developed by Herring” for the 
case of flow in a mass of equal quasi-spherical grains 
with tangential stresses relaxed at the boundaries 
and is not strictly applicable to the present geom- 
etry. However, it has been pointed out by Herring” 
that, for those cases where the grain diameter is not 
much greater than the specimen thickness, the use 
of the foregoing equation for foils will not introduce 
too great an error. In view of the errors inherent in 
the experiment and in the approximations necessary 
in the derivation of the equation, the unexpectedly 
good agreement in the absolute values is possibly no 
more than fortuitous. It is felt, however, that the 
variation of the observed viscosity with grain size 
and temperature is significant and powerful evi- 
dence in favor of the Herring mechanism of viscous 
flow. 
Conclusions 


In spite of the approximations used in the devel- 
opment of the Herring theory of diffusional vis- 
cosity and the unavoidable experimental error, 
agreement between calculated and observed values 
of the coefficient of viscosity is good, differing only 
by an almost constant factor of 2. It is believed, 
however, that in assessing the validity of the Her- 
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ring theory, greater weight should be given to 
comparison of observed behavior with that pre- 
dicted by the individual terms of the Herring 
equation. 

The activation energy obtained from the slope 
of the plots of In 7 vs 1/T compares favorably with 
that of the more reliable values for the self-diffusion 
coefficient of copper, as is predicted by the Herring 
theory. It is not, however, incompatible with that 
for other modes of deformation, such as slip or 
diffusion between mosaic boundaries. The activa- 
tion energies to be expected for kinking and off- 
setting cannot be predicted at present due to inade- 
quate understanding of the mechanisms of these 
processes. However, Rhines™ has found that the 
activation energy for grain boundary slip in alumi- 
num bicrystals, a process closely related to offset- 
ting, is only 11,000 cal per mol, indicating no rela- 
tionship to a self-diffusion process. 

Greatest significance is attached to the linear rela- 
tionship between viscosity and grain size shown in 
Figs. 4 and 6. This, together with the zero creep 
rate observed for single crystals and the observed 
temperature dependence, constitutes behavior that 
seems to be completely explicable only by the Her- 
ring theory of diffusional viscosity. 

The additional evidence in favor of the Herring 
theory of viscous flow permits the values of surface 
tension obtained by the wire and foil-pulling tech- 
niques to be regarded with increased confidence. 
This corroboration of the basic assumption of the 
technique is believed to be of greater importance 
than the mere confirmation of the values of surface 
tension of copper obtained by earlier investigators. 


Summary 

Rates of contraction and extension of thin copper 
foils were measured as a function of stress, tem- 
perature, and grain size. Foil thickness varied from 
0.0015 to 0.005 in., with grain diameters ranging 
from 4.2 times the foil thickness in the 0.0015 in. 
specimens to 1.6 times the thickness in the 0.005 in. 
ones; tests were carried out in the temperature 
range 960° to 1050°C; stresses varied from 0.01-10° 
dynes per sq cm to about 2.5-10° dynes per sq cm 
resulting in strain rates ranging from about 1-10” 
hr~ to about 4-107 hr™. 

From these data, the following results were ob- 
tained: 1—an average value of surface tension for 
solid copper, in reasonable agreement with values 
previously reported; 2—viscosity values ranging 
from 3-10” to 20-10” poises, depending on tempera- 
ture and grain size; 3—an infinite viscosity for single 
crystals, i.e., no detectable creep; 4—linear relation- 
ships between viscosity and the square of the grain 
size and between the log of the viscosity and the 
inverse temperature; and 5—good agreement be- 
tween observed viscosity values and those pre- 
dicted by the Herring theory of diffusional viscosity. 

The observed relationships between viscosity and 
grain size and viscosity and temperature, as well 
as the absolute magnitudes of observed viscosities, 
strongly support the conclusion that deformation 
under the conditions of the experiment takes place 
almost entirely by means of vacancy diffusion. It is 
believed that slip, kinking, offsetting, and grain 
boundary sliding made only a limited contribution 
to deformation. 
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Curie Temperatures of Binary and Ternary Sigma Phases 


by M. V. Nevitt and P. A. Beck 


All binary and a number of ternary o alloys formed by first long period transition 
elements were examined and found to be ferromagnetic at low temperatures. The Curie 
temperatures for these alloys were measured. It was found that the correlation of the 
Curie temperature with composition may be described qualitatively in terms of the con- 
tributions of the various component atomic moments to the saturation moment of the 
alloy. Ternary Fe-Cr-Mo o phase alloys were also found to be ferromagnetic, with a 
Curie temperature dependent on the iron content and largely independent of the unit cell 


dimensions. 


Similar relations were found for the Co-Fe-Cr and the Co-Cr-Mo «@ alloys, 


where the Co ++ Fe content appears to determine the Curie temperature. 


ECENTLY, it has become increasingly evident 
that the o phase is some kind of an “electron 
compound.” Several papers discussed the empiri- 
cal correlation between the composition of the vari- 
ous o phases in alloys of the transition elements and 
the distribution of electrons in the partially filled 
d-levels of the component atoms. However, a pic- 
ture of the latter can be formed only in a more or 
less intuitive manner, as in the Pauling theory,” and 
the rigorous treatment of these problems is at pres- 
ent prevented by lack of adequate knowledge of the 
electronic structure of the transition elements in the 
metallic state. 

It appeared reasonable to expect that investigation 
of the magnetic properties, which are related to 
d-shell electrons, may help in clarifying the physical 
nature of the foregoing empirical correlation. Qual- 
itative tests of samples of various compositions have 
shown that certain o alloys become ferromagnetic 
at liquid nitrogen temperature.” The present in- 
vestigation was undertaken to determine whether or 
not low temperature ferromagnetism is character- 
istic of a large variety of o alloys and to establish 
how the Curie temperatures of ferromagnetic o al- 
loys are influenced by changes in composition and 
in lattice parameter. In the first portion of the in- 
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vestigation, Curie temperatures were measured for 
a series of o alloys containing either vanadium or 
chromium with one or two of the elements manga- 
nese, iron, cobalt, or nickel. In the second phase of 
the work, data were obtained on the Curie tempera- 
ture of ternary (Fe, Co, Cr)o, (Fe, Cr, Mo)o, and 
(Co, Cr, Mo)o alloys, as a function of composition 
and of interatomic spacing. 


Experimental Procedures 

High frequency vacuum melting in high purity re- 
crystallized alumina crucibles was employed in the 
preparation of the o alloys, using metals whose lot 
analyses are given in Table I. Approximately two- 
thirds of the alloys were analyzed chemically, the 
analytical results being in acceptable agreement 
with the intended compositions, as seen in Tables II 
and III. The specimens were annealed for homogen- 
ization in an atmosphere of purified 92 pct He and 8 
pet H, mixture or in evacuated and sealed Vycor 
tubes at temperatures from 780° to 1300°C, depend- 
ing on the temperature range of the o phase field for 
the particular composition. The annealing tempera- 
ture and time for each alloy are given in Tables II 
and III. 

Curie points were determined by an induction 
method; the change with temperature of mutual in- 
ductance between two coils was observed when the 
o specimen was inserted into the flux path between 
the coils. The transformer consisted of three coils 
each containing 1200 turns of 0.0050 in. diam 
enameled copper wire. The center coil, P in Fig. 1, 
served as the primary coil, and was linked magneti- 
cally with each of the two secondary coils, S, and S, 
which were connected in series opposition. The 
primary coil, P, was energized by an audio-oscil- 
lator, set at a frequency of 500 cycles per sec, while 
the signal from the transformer secondary circuit, 
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Table |. Lot Analyses of Metals Used in Making o Alloys, Wt Pct 


Element 
or Electro- Electro- Electro- Electro- Electro- 

Compound Vanadium lytic Cr lytic Mn lytic Fe lytic Co lytic Ni Mo 
Al — — 0.008 — — 
(e 0.08 0.01 0.005 max 0.010 0.028 —_ 0.003 max 
Co — — — — Balance 0.6 to 0.8 —_— 
Fe —_— 0.06 0.001 max Balance 0.14 0.01 0.005 max 
He 0.01 0.045 0.015 max 0.01 Nil — — 
Mn Balance 0.015 Balance 
Oz 0.063 0.51 0.003 
12) — — 0.003 — 
Pb 0.001 — — 
Ss — 0.012 0.024 max 0.002 0.004 0.001 — 
Si — Trace 0.002 — 
SiO2 — — 0.03 — 


S, and S., was fed to a variable gain amplifier and 
the output from the amplifier was read with an ac 
voltmeter. When a sample of sigma linked the 
primary, P, with one of the secondaries, S., the ex- 
tent to which the electrical balance of the trans- 
former was disturbed depended on the magnetic 
state of the sample. When the o sample was ferro- 
magnetic, the difference in mutual inductance be- 
tween P and S, and P and S, was large so that the 
opposing voltages of the two secondary windings 
were of greatly different magnitude and a corre- 
spondingly large voltage difference was indicated by 
the voltmeter. As the temperature of the sample 
was changed between values above and below the 
Curie temperature, a sharp change in the output 
voltage was observed at the Curie temperature. The 
o samples used in the transformer consisted of cast 
and annealed material, ground to approximately 
—60 mesh and packed tightly into a gelatin capsule. 
The sample and the coils were heated by means of 
a heater coil of nichrome wire which jacketed the 
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Fig. 1—Apparatus used to determine Curie temperatures by 
induction method. P is the primary coil and S, and S, are the 
secondary coils. 
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transformer, as shown in Fig. 1. The assembly was 
housed in a vacuum container which could be ex- 
hausted to a pressure of less than 1 micron Hg, and 
the vacuum container was immersed in a low tem- 
perature reservoir which was contained in a suit- 
able cryostat. Either liquid nitrogen or liquid 
helium was used as the coolant, depending upon the 
range of temperatures over which the measurements 
were made. The temperature was measured in °K 
with a previously calibrated copper vs gold plus 2.1 
atomic pet Co thermocouple which was embedded 
in the o sample. By adjusting the de current to the 
heater coil, the temperature of the o sample could 
be maintained at any point at or above the tempera- 
ture of the coolant. The heater current was kept 
constant at each temperature of measurement long 
enough to assure constant temperature in the sample. 
When the induced secondary voltage was measured 
over a range of temperatures, the Curie point couid 
be determined by noting the temperatures at which a 
sharp change in voltage occurred. In this manner, 
Curie points were determined for 58 o alloys in 16 
different binary and ternary systems. 


Results of Investigation 

The alloys in Table II are listed by system, to- 
gether with their compositions in atomic percent 
and their Curie temperatures. The binary o alloys 
were chosen, as closely as possible at the time, near 
the center of the o composition range in each alloy 
system. The o boundaries in most of the ternary 
systems concerned have not been reported previous- 
ly, but they were determined in a concurrent in- 
vestigation.” In each case, a continuous field of 
ternary o solid solutions connects the two binary o 
phases. The composition of the ternary alloys used 
for the Curie point determinations was selected so 
that the corresponding points in the triangular 
composition coordinate system lay approximately 
on the straight line connecting the two binary o 
compositions. Accordingly, it should be noted that, 
in cases like that of the V-Mn-Fe system, where 
the two binary o phases have different composition, 
the corresponding curves in Figs. 2, 3, and 4 repre- 
sent alloys in which the amount of the component 
not indicated on the abscissa (vanadium or chro- 
mium) also varies. It is seen that the Curie tem- 
peratures are low for all the compositions studied, 
and this observation is in accord with the work of 
previous investigators, as reported by Bozorth,’ 
where the o phase was consistently observed to be 
“nonmagnetic” at room temperature. 
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For purposes of interpretation, it was necessary 
‘to establish some basis for comparison of all the 
data. Consideration of the data for the binary alloys 
suggested that at least a rough correlation could be 
made between the Curie temperature and the satu- 
ration magnetization of certain of the component 
elements of the alloys. The nature of this correlation 
is shown in Fig. 2, where the Curie temperature of 
the three binary alloys containing chromium: and 
the Curie temperatures of the four binary alloys 
containing vanadium are plotted against the atomic 
number of the other component element in each 
alloy, namely, manganese, iron, cobalt, or nickel. 
The general shape of these curves resembles the 
dashed curve which expresses the variation of sat- 
uration magnetic moment with the average atomic 
number for the ferromagnetic elements of the first 
transition period and their alloys. The similarity of 
these curves implies that the variation in Curie tem- 
perature for the o phase may reflect a correspond- 
ing variation in its magnetic moment, and this hypo- 
thesis is in general accord with the relationship that 
obtains between Curie temperature and saturation 
moment for ferromagnetic substances*® 


= BNI,/Z 


where @ is the Curie temperature; Z is the number of 
nearest neighbors; 8 is the Bohr magneton; N is the 
Weiss molecular field constant; and I, is the satura- 
tion magnetic moment. Thus, an increase in the 
saturation moment of o would be expected to pro- 
duce an increase in the Curie temperature, if other 
factors did not intervene. 

However, Figs. 3 and 4 show that the ternary alloy 
data do not conform to this simple correlation. In 


ponents. In Fig. 4, the Curie points of ternary 
chromium o alloys are plotted in a similar manner. 
In both of these figures the data for the binary alloys 
are the same as those in Fig. 2. It may be noted that 
there is a general depressing effect on the Curie 
temperature when a third element is added to any 
one of the binary o alloys. 

One interpretation of this behavior can be made in 
terms of the effect of 3d-shell diameter in allowing 
the occurrence of a positive exchange force be- 
tween the 3d-shell electrons of neighboring atoms. 
A relationship due to Bethe’ predicts that the align- 
ment of magnetic moments of neighboring atoms is 
parallel or antiparallel, depending on the extent of 
the overlap of the charge distributions of the partially 
filled d-shells of the transition metals concerned. The 
lattice dimensions of the o phase remain relatively 
constant in binary and ternary systems of the first 
transition period elements, but the component ele- 
ments have considerably different 3d-shell diam- 
eters. Thus, the overlap of the adjacent 3d-shells is 
changed when one transition element atom is sub- 
stituted for another on a particular lattice site, de- 
pending on the relative diameters of the 3d-shells 
of the atoms concerned. The possibilities for ferro- 
magnetic coupling in a given o lattice can be ana- 
lyzed qualitatively, when the interatomic spacings 
are known, by using Néel’s” values for the 3d-shell 
diameters of the elements and his criterion for posi- 
tive exchange coupling: d— 2r21.05A, where d is 


Table Ill. Curie Temperatures of (Fe, Cr, Mo) o 
and (Co, Cr, Mo) o Alloys 


Annealin 
Fig. 3, the Curie points of the ternary o alloys con- g Canis 
ini i i i Tem- Tem- 
taining vanadium are plotted against the weighted 
average atomic number of the other two alloy com- Intended Composition, Analysis, ture, Time, ture, 
Atomic Pct Atomic Pct °C Hr °K 
i i 48.1 Fe, 29.7 Cr, 25.0) Cr, 
Table II. Curie Temperatures of Binary and Ternary o Alloys 
55.5 Fe, 28.5 Cr, 56.7 Fe, 26.9 Cr, 
16.0 Mo 16.4 Mo 1200 72 191 
Annealing 54 Fe, 24 Cr, 22 Mo 54.5 Fe, 24.6 Cr, 
Curie 20.9 Mo 1200 72 181 
Tem- Tem- 54.5 Fe, 28.0 Cr, 
Chemical pera- pera- : 0 he 1200 72 177 
Intended Composition, Analysis, ture, Time, ture, 51 Fe, 29 Cr, 20 Mo 52.4 Fe, 27.4 Cr, 
Atomic Pct Atomic Pct ° Hr OK 20.2 Mo 1200 72 156 
51.6 Fe, 28.0 Cr, 
20.4 Mo = 1200 72 150 
0 Mn, 20 Cr 80.1 Mn, 19.9 Cr 1000 120 91 52 Fe, 26 Cr, 22 Mo 51.9 Fe, 25.7 Cr, 
60 Mn’ 11 Fe, 29 Cr = 810 264 95 22.4 Mo 1200 72 145 
36 Mn, 25 Fe, 39 Cr ae 810 264 85 51 Fe, 29.5 Cr, 19.5 Mo = 1200 72 134 
37 Fe, 16 Mn, 47 Cr 37.7 Fe, 15.3 Mn, 50 Fe, 28 Cr, 22 Mo 51.0 Fe, 27.2 Cr, 
: 47.0 Cr 810 264 106 21.8 Mo 1200 72, 136 
53.6 Fe, 46.4 Cr 780 336 163 49.5 Fe, 31.5 Cr, 
46.5 Fe, 7.5 Co, 19.0 Mo 1200 72 126 
»,47C 46 Cr 820 336 163 51 Fe, 26 Cr, 23 Mo 51.5 Fe, 25. Yr, 
40 re. red, 46 Cr — 820 336 162 23.2 Mo 1200 72 125 
40 Fe, 10.5 Co, 49.5 Cr 38.9 Fe, 11.9 Co, 49 Fe, 26.0 Cr, 25.0 Mo ena 1200 72 117 
: 49.2 Cr 820 120 128 48.5 Fe, 29.3 Cr, 49 Fe, 28.9 Cr, 
30 Fe, 18.5 Co, 51.5 Cr = 820 120 116 22.2 Mo Saar ee Mo ov 1200 72 112 
28.8 Co, 16.1 Fe, 47 Fe, 33.5 Cr, 19.5 Mo 47.5 Fe, 33.3 Cr, 
55.1 Cr 1000 120 91 Mo. 1200 72 109 
i 41.3 Co, 58.7 Cr 1000 120 73 47 Fe, 26 Cr, 27 Mo 13 Fe, 25.3 Cr, 
60 Maines 50 Cr ina 1000 144 78 27.4 Mo 1200 72 109 
39 Mn, 20 Co, 41 Cr 38.9 Mn, 20.8 Co, 53 Fe, 47 Cr 53.6 Fe, 46.4 Cr 780 336 163 
40.3 Cr 1000 144 71 51.5 Fe, 46.0 Cr, 
1Cr 29.8 Co, 19.3 Mn, 2.5 Mo oe 
ES ree 50.9 Cr 1000 144 72 49 Fe, 44.5 Cr, 6.5 Mo =3 780 336 120 
83.5 Mn, 16.5 V 83.4 Mn, 16.6 V 1000 120 106 47 Fe, 43 Cr, 10.0 Mo 48 Fe, 41.9 Cr, 
16 Fe, 57 Mn, 27 V 16.1 Fe, 57.4 Mn, 10.1 Mo 780 240 109 
‘ 26.5 V 1000 120 99 45 Fe, 42 Cr, 13.0 Mo vee rie 1000 120 96 
, 16.3 Mn, 42 Fe, 42 Cr, 16 Mo 5 e, 41. Ve 
1000 120 106 16.2 Mo 1200 72 91 
52.7 Fe, 47.3 V 52.4 Fe, 47.6 V 1000 120 203 41 Fe, 41 Cr, 18 Mo 41.2 Fe, 40.1 Cr, 
41 Fe, 12 Co, 47 V 42.8 Fe, 11.6 Co, 18.7 Mo 1160 120 81 
‘ j 45.6 V 1000 120 149 38.5 Fe, 38.5 Cr, 38.8 Fe, 38.5 Cr, ae os ay 
: 30.7 Fe, 24.4 Co, 23 Mo ‘ fo) 
44.9 V 1000 120 128 42.1 Co, 57.9 Cr 41.3 Co, 58.7 Cr 1300 72 73 
50.4 Co, 49.6 V 1000 120 98 36 Co, 55 Cr, 9 Mo 2 
arosi Co Ne 33 Vv 37.2 Co, 9.5 Ni, 38 Co, 48 Cr, 14 Mo a= 1300 72 69 
; é 53.3 V 1000 120 62 41 Co, 50 Cr, 9 Mo = 1300 72 77 
i, 55. 25.8 Co, 18.6 Ni, 43.5 Co, 41 Cr, 
pe ce 55.6 V 1000 120 58 15.5 Mo . = 1300 72 88 
i 35.8 Ni, 64.2 V 1000 120 52 49.5 Co, 41 Cr, 
Min, 32 1000 120 95 9.5 Mo = 1300 72 105 
36 Co, 17 Mn, 47 V 36.1 Co, 17.6 Mn, 47 Co, 50.5 Cr, 46 Co, 51.6 Cr, 
i 3 46.3 V 1000 120 96 2.5 Mo 2.4 Mo 1300 72 102 
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Fig. 2—Curie temperatures of binary alloys containing chro- 
mium and yanadium are plotted against the atomic number 
of the other component element in each alloy. 
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Fig. 3—Curie points of ternary o alloys containing yanadium 
are plotted against the weighted average atomic number of 
the other two alloy components. 


the distance between atom centers and 2r is the 
average diameter of the 3d-shell. The interatomic 
distances in various binary o alloys can be approxi- 
mated by converting the spacings given by Bergman 
and Shoemaker” for (Fe,Cr)>o by means of the 
multiplying factors of Carlisle, Christian, and Hume- 
Rothery.” When the structure of (Fe,V)o is analyzed 
in this way, it is found that the substitution of man- 
ganese atoms for iron atoms on certain of the lattice 
sites results in a decrease in the number of positive 
exchange couplings in the lattice because positive 
Fe-Fe interactions are replaced by antiferromagnetic 
Fe-Mn, Mn-Mn, or Mn-V interactions. The same 
result occurs when manganese atoms are substituted 
in the (Fe,Cr)o lattice. The fact that the Curie tem- 
peratures of (Fe,V)o and (Fe,Cr)oc are markedly 
lowered by the addition of manganese may be ex- 
plained satisfactorily on this basis. However, the 
foregoing interpretation is not adequate to explain 
the depression of the Curie temperature caused by 
the addition of atoms with 3d-shells smaller than 
those of the original atoms. Figs. 3 and 4 show dips 
in the Curie temperature curves when cobalt is 
added to (Fe,V)o and to (Fe,Cr)c, when nickel is 
added to (Co,V)o and, to a lesser extent, when 
cobalt is added to (Mn,V)o and to (Mn,Cr)c. In 
most of these cases, the analysis in terms of the 
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Fig. 4—Curie points of ternary chromium o alloys are plotted 
against the weighted average atomic number of the other two 
alloy components. 


Néel criterion shows that there should be an increase 
rather than a decrease in the number of possible 
positive 3d-shell exchange interactions. 

An alternative explanation that may be valid even 
in the instances just described is based on the as- 
sumption that a transfer of electrons among certain 
atoms takes place in o alloys and that the resultant 
decrease in the magnetic moment of the structure is 
reflected in a decrease in the Curie temperature. Al- 
though there is as yet no experimental verification 
of such electron transfer in the o phase, it has been 
shown by Shull” that the unusually large decreases 
in the magnetic moment and in the Curie tempera- 
ture, for instance, in cobalt-base hexagonal Co-Cr 
solid solutions are due to electron transfer of this 
type. 

In an effort to clarify the effects of magnetic 
moment and overlap of unfilled d-shells on the 
Curie temperature of o alloys, additional Curie 
temperature data were obtained for (Fe,Cr,Mo)o 
and (Co,Cr,Mo)co alloys as a function of composition. 
In the isolated atom, molybdenum has five 4d elec- 
trons corresponding to chromium’s five 3d electrons, 
so that these two elements might be expected to 
make equal contributions to the magnetic moment 
of the structure. However, molybdenum has a very 
much larger atomic diameter and d-shell diameter 
than chromium. 

In Table III, the compositions and Curie tempera- 
tures of 30 (Fe,Cr,Mo)o and (Co,Cr,Mo)co alloys are 
shown. In Fig. 5, the (Fe,Cr,Mo)oc data are plotted 
on a portion of the ternary diagram. The 1100° and 
650°C o phase boundaries are due, respectively, to 
Putnam, Potter, and Grant* and to Duwez and 
Baen.” The a dimension of the tetragonal cell, also 
plotted, was obtained by converting the value of 
Bergman and Shoemaker” for (Fe,Cr)o by means of 
a factor expressing the lattice expansion in (Fe,Cr,- 
Mo) o observed by Duwez and Baen.” 

As seen in Table III and Fig. 5, the Curie temper- 
ature falls as molybdenum is added to (Fe,Cr)c. 
However, contours of constant Curie temperature 
follow lines of constant iron content and they are 
not influenced by the change in lattice dimension. 
Fig. 6 shows the compositions and Curie tempera- 
tures of 7 (Co,Cr,Mo)o alloys. The 1300°C phase 
boundary was determined by Darby and Beck.* In 
this system, the a dimension of the unit cell was 
determined by converting the value for (Co,Cr)o of 
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Dickens, Douglas, and Taylor” by means of the 
lattice expansion in (Co,Cr,Mo)o observed by X-ray 
measurements. Fig. 6 shows that the Curie tempera- 
ture is apparently insensitive to the expansion of 
the lattice that molybdenum produces. In Fig. 7 the 
Curie temperatures of (Fe,Cr,Mo)ac, (Co,Fe,Cr)o, 
and (Co,Cr,Mo) oa alloys are plotted as a function of 
the Co + Fe content, regardless of the variations 
of the Mo/Cr ratio or the Co/Fe ratio. It may be 
seen that in a first approximation the iron and cobalt 
content determine the Curie temperature in these 
alloys. 

The dependence of Curie temperature upon the 
concentration of iron or cobalt again suggests that 
the number of ferromagnetic atoms in the structure 
is of decisive influence. The fact that the Curie tem- 
perature is not affected by the lattice stretching due 
to the addition of molybdenum is rather remarkable. 
When the Néel criterion is used, as described pre- 
viously, to analyze the possibilities for ferromag- 
netic exchange between adjacent atoms in the 
binary (Fe,Cr)o lattice, it is found that many ad- 
jacent lattice sites are properly spaced for positive 
Fe-Fe and Fe-Cr coupling, while for others the 
interatomic distances are too short. When molyb- 
denum is added, new Fe-Fe and Fe-Cr positive ex- 
changes are created because molybdenum increases 
the interatomic distances. On the other hand, the 
4d-shell radius of molybdenum is too large to permit 
any positive exchanges with either iron or chro- 
mium, so that the replacement by molybdenum 
atoms of either iron or chromium atoms must result 
in a decrease in the number of positive exchange 
couplings. If the magnitudes of these two effects 
were the same, the Curie temperature of « would be 
indifferent to molybdenum additions, as observed 
experimentally. The compensation of these two 
counteracting effects is apparently fortuitous, there 
being no evident theoretical reason for expecting it. 

The widespread occurrence of ferromagnetism 
among the various o phases confirms the view ex- 
pressed earlier’ that the electronic structure of o 
proposed by Sully’ is not likely to be correct. In 
terms of the Pauling theory, the present results are 
consistent with the picture that for each atom the 
bonding subband is filled up with electrons and that 
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Fig. 5—Curie temperatures for (Fe, Cr, Mo)o alloys are plotted 
on a portion of the ternary diagram. 
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the atomic subband, which is responsible for ferro- 
magnetism, is only partially filled. 

In Fig. 8 all of the Curie point data of this investi- 
gation are plotted as a function of a quantity which 
may be called the hypothetical saturation moment 
of the o alloys. The hypothetical moment for each 
alloy is taken as the sum of the products of atom 
fraction of each component times the atomic moment 
value for that element. The experimentally deter- 
mined saturation moments for the elements iron, 
cobalt, and nickel are, respectively, 2.218,” 1.715,” 
and 0.604" Bohr magneton. As derived from Paul- 
ing’s” postulated distribution of hybridized 3d and 4s 
electrons for elements of the first transition period, 
moment values of 0, 0.22, and 1.22 Bohr magnetons 
per atom were used for the elements vanadium, 
chromium, and manganese. A value of 0.22 Bohr 
magnetons per atom was also used for molybdenum. 
These hypothetical moment values are based on the 
greatly oversimplified picture of additivity of all 
atomic moments, so that they should not be con- 
sidered as even crude approximations of the true 
saturation moments of the alloys. Nevertheless, in 
the absence of actual measured values for the satu- 
ration moments, they may be conveniently used in 
presenting certain features of the data for a wide 
variety of o compositions. The extensive scatter 
in Fig. 8 clearly shows that the measured Curie tem- 
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Fig. 6—Compositions and Curie temperatures of seven (Co, 
Cr, alloys. 
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MAY 1955, JOURNAL OF METALS—673 


= 40 60 


250 
mn-cr MN-V 
MN-FE-CR MN-FE-V 
OFre-cr OFE-vV 
FE-CO-CR FE-CO-V 
Kl co-cr co-v 
co-ni-v 
@ni-v 
200/— © CO-MN-V 
FE-cR-MO 
z co-crR-Mo 
at 
(a) 
z 
Ww o 
> 
= 
100 
cr 
| 
WwW 
50 
Oo 
O 
O 1.0 IRS 


HYPOTHETICAL MOMENT IN BOHR MAGNETONS 
Fig. 8—Curie point data plotted as a function of the hypo- 
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peratures and the hypothetical saturation moments 
are not uniquely related, but it seems likely that the 
steady rise in Curie temperature that accompanies 
the transition from the nickel o phase through man- 
ganese and cobalt to the iron-containing o alloys in 
effect reflects a steadily rising saturation moment 
for these alloys. If this view is accepted, the results 
suggest strongly that the o phase may not be as- 
cribed a unique or characteristic value of the satu- 
ration moment, and that, therefore, the empirical 
correlation between the composition and the num- 
ber of atomic subband electron vacancies” * * should 
not be given the interpretation that the o structure 
as such has a Pauling atomic subband of its own 
with a characteristic number of electrons inde- 
pendent of composition. 


Conclusions 

1—Ferromagnetism is a characteristic low tem- 
perature property in a wide variety of o alloys. 

2—The correlation of the Curie temperature of 
the o phase with composition may be reasonably 
well described qualitatively in terms of the con- 
tributions of the various component atoms to the 
saturation moment of the alloy. 

3—The insensitivity of the Curie temperature to 
an increase in the interatomic distances in the 
(Fe,Cr)o phase when molybdenum is added suggests 
that molybdenum additions produce two mutually 
compensating effects: an increase in the number of 
positive exchange interactions in the structure due 
to the stretching of interatomic distances, and a de- 
crease in the number of positive interactions due to 
the substitution of strongly negative Fe-Mo, Cr-Mo, 
and Mo-Mo interactions for some of the positive 
Fe-Fe, Fe-Cr, and Cr-Cr 3d-shell exchange coup- 
lings. 
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4—It is unlikely that the o structure can be as- 
cribed a Pauling atomic subband of its own with a 
characteristic number of electrons independent of 
the composition. The present investigation did not 
lead to a rational interpretation of the empirical 
correlation between o boundary compositions and 
electron vacancies in the atomic 3d-subbands of the 
component elements. 
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Effect of the Structure of Dislocation Boundaries 


On Yield Strength 


by Jack Washburn 


Two simple types of dislocation distribution were introduced into zinc crystal 
specimens and the effect of each on the stress-strain curve was investigated. Quan- 
titative results were obtained for simple edge dislocation arrays and for an array 


of screw dislocations lying in the slip plane. 


CCORDING to present knowledge, the disloca- 

tions present in large annealed metal crystals 
can be divided into two somewhat arbitrary groups: 
1—-single dislocation lines distributed more or less at 
random or forming elements of a three-dimensional 
network in which the distance between adjacent dis- 
locations is of the order of 10° to 10% cm and 2— 
widely separated planar arrays of edge dislocations 
forming dislocation walls or small angle boundaries 
within which adjacent dislocation lines are spaced 
at much smaller distances (10° to 10° cm). The 
former can be considered as a dislocation interpre- 
tation of the mosaic crystal proposed by Darwin and 
Ewald” * 40 years ago to account for anomalously 
high integrated intensities of X-ray diffraction max- 
ima. Small angle boundaries, although now known 
to be present in most single crystals used for me- 
chanical testing, were not generally recognized by 
the early workers. This was partly due to the fact 
that only recently have improved X-ray and metal- 
lographic techniques been available for checking the 
macroscopic perfection of crystals.*” 

It has long been known that changes in growth 
conditions and in annealing procedure, which might 
logically be expected to cause variations in the 
structural details of both the dislocation network 
and of dislocation boundaries, produce marked vari- 
ations in some mechanical properties such as yield 
strength.’ However, no quantitative experimental 
correlations between changes in dislocation distribu- 
tion and changes in mechanical properties have yet 
been made. Such a correlation has been difficult to 
obtain because, even when great care is exercised to 
keep the histories of a number of single crystal 
specimens identical, it usually has not been possible 
to avoid considerable variation in macroscopic per- 
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fection.’ The number and orientation of dislocation 
boundaries vary from specimen to specimen. This 
has probably been an important contributing factor 
to the large scatter in the results of most mechanical 
measurements on pure single crystals. 

Some recent experiments with single crystals of 
zinc have shown that the presence of dislocation 
boundaries in a specimen can increase its resistance 
to deformation by slip. With polycrystalline alumi- 
num and nickel, there is also evidence that disloca- 
tion boundaries within the individual grains of the 
aggregate can increase the resistance of the material 
to plastic deformation, either as measured by ten- 
sion tests at room temperature or by creep tests at 
higher temperatures.” * 

Although the foregoing observations seem to have 
established the fact that substructure can have a 
strengthening effect, the test conditions were too 
complex to give much information concerning the 
mechanism. In the foregoing cases, a network of in- 
tersecting boundaries having various orientations 
and boundary angles were present. Before their ap- 
parent strengthening effect can be understood, it 
will be necessary to isolate and study separately the 
effect of a number of variables: 1—boundary angle, 
2—boundary orientation with respect to the active 
slip direction, 3—number of boundaries, 4—inter- 
sections of boundaries, 5—detailed structure of the 
boundaries, and 6—interaction of impurity atoms 
with dislocations in boundaries. 

The object of the present work was to study the 
effect of dislocation boundaries on flow stress under 
the following simple experimental conditions: 1— 
substantially pure shear deformation and 2—bound- 
aries of controlled angle, orientation, and number. 
In this way, it might be possible to distinguish the 
important variables from the relatively unimportant 
ones. 


Experimental Procedure 
Stress-strain curves of hexagonal metals are gen- 
erally nearly linear even out to very large strains.° 
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Fig. 1—Normal 
method of loading in 
shear. Stress is ap- 
plied in the slip 
plane along a slip 
direction. 
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The magnitude of the minimum strain at which 
linearity begins depends upon the uniformity of ap- 
plied stress and upon the structural perfection of the 
crystal in the gage section. In a tension test the shape 
of the initial portion of the stress-strain curve is ex- 
tremely sensitive to the straightness of the specimen 
and to the axiality of loading. See, for example, the 
curves obtained by Jillsen.” Other objections to the 
tensile testing of soft single crystals arise from the 
rotations accompanying extension.” Some of these 
difficulties can be avoided by testing of single crys- 
tals in shear. Previous work” has shown that a 
particularly uniform distribution of slip throughout 
the gage section of a specimen can be obtained by 
this type of loading. A section through a shear 
specimen showing the normal method of application 
of the load is shown in Fig. 1. 

Fig. 2 shows another type of shear specimen which 
was used for some of the tests. The shearing load is 
applied at 90° to both the slip plane and active slip 
direction rather than parallel to the slip plane and 
direction. The orientation of crystal axes and the 
estimated elastic shear-stress distribution on the slip 
plane in the slip direction are shown. When a shear- 
ing load is applied to such a specimen, the crystal 
deforms by slip on the (0001) planes. The active 
gage section is indicated in Fig. 2 by the shading. 
The boundary of the slipped volume, instead of be- 
ing a free surface on four sides as in the usual type 
of shear specimen, consists of a small angle tilt 
boundary at the two extremeties. Figs. 3 and 4 are 
photographs of a specimen of this type before and 
after a 25 pct shear strain. The tilt boundaries at 
the end of the gage section are visible on the side 
surfaces because of the change in intensity of re- 
flected light (due to the relative rotation of the etch 
pit faces across the boundary). Fig. 5 shows a speci- 
men which had been cleaved through the center 
after a 1 pct strain. The small angle boundary is 
visible on both the cleavage surface and the side 
surface of the specimen. To distinguish it from the 
normal type of shear specimen, this new specimen 
hereafter will be referred to as a kink specimen. 

The grip and roller extensometer assembly used 
with kink specimens is shown in Fig. 6. Strain in the 
specimen was determined by measuring the relative 
displacement of the two opposite halves of the grip. 
The extensometer was capable of an accuracy of 
+0.000025 in. and could be operated by a force of 
less than 0.004 lb. 
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The load applied to the specimen was measured 
to an accuracy of +0.01 lb by means of a load meas- 
uring beam, the curvature of which was indicated 
by S-R-4 strain gages. The maximum strain rate 
employed in the tests was 0.01 pct per min. 

The crystals were grown from Horse Head Special 
zinc which had a nominal purity of 99.99 pet. Long 
rectangular crystals, from which the desired speci- 
mens were cut by acid sawing, were grown. The 
orientation of crystollographic axes in the large 
crystals was controlled by a seed crystal having the 
desired orientation relative to specimen directions. 

As mentioned previously, a kink specimen was 
characterized by the formation during testing of a 
pair of pure edge dislocation boundaries at the 
extremeties of the gage section. The angle of the 
boundaries was directly related to the relative dis- 
placement of the two grips. This specimen geometry 
was used because it provided a means for introduc- 
ing simple edge dislocation boundaries of controlled 
angle across the gage section of a specimen. Fig. 7 
shows the type of specimen used for this purpose. At 
any stage during a series of tests, the specimen could 
be gripped at the inner set of notches and a pair of 
boundaries of known angle could be introduced by 
shearing the specimen a measured amount. The ac- 
curacy within which the boundary angle could be 
controlled was +0.01°. 

A second type of distortion, which it was thought 
might be involved in complex substructures, was a 
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Fig. 2—Alternate type of shear specimen. a—Specimen di- 
mensions are shown. The test section is shaded. Slip planes 
of the crystal are the Y — constant planes of the sketch. 
b—Enlarged view of the test section shows estimated elastic 
shear-stress distributions in the slip planes along X and Y 
axes. Solid lines are before start of plastic deformation and 
dashed lines, after start of plastic deformation. 
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Fig. 3—Photograph shows an undeformed kink Fig. 4—Kink specimen is shown after a shear Fig. 5—Photograph of a kink specimen 


specimen. strain of 25 pct. 


twist about an axis normal to the slip plane. In order 
to study the effect of such a twist, shear specimens of 
the normal type were used in which there was ini- 
tially no observable substructure. The cylindrical 
gage section was ideally suited for the introduction 
of a pure twist deformation. A twist about the 
[0001] axis should result in a network of screw dis- 
locations lying in the (0001) planes. After a small 
measured twist, the specimen could be tested in the 
usual manner by loading in shear along the median 


[2110] direction. The largest twist employed was 


such that the greatest deviation of the [2110] direc- 
tion of the applied shear stress was 0.6° which 
caused a negligible variation in resolved shear stress. 

Cottrell states“ that, “Soft single crystals are not 
the easiest materials to consider from the theoretical 
point of view because the process of making them 
involves the deliberate removal, as far as is possible, 
of all known sources of hardening and thereby 
makes the cause of their residual hardness uncer- 
tain.” Introducing known arrays of dislocations and 
observing the changes in plastic properties caused 
thereby may eventually lead to a more detailed 
model of the annealed state of a crystal. 

Previous experience with the mechanical testing 
of single crystals indicates that, even when great 
care is exercised to keep the history of a number of 
specimens identical, an appreciable scatter in yield 
strength from crystal to crystal can be expected. 
The only way of avoiding this difficulty was to meas- 
ure the yield stress of each specimen initially and 
select those with lowest yield strength, assuming 
them to be the most perfect. All comparisons were 
then made on the basis of results from a single 
specimen. In order to measure the initial yield stress, 
however, it was necessary to deform the crystal 
plastically. Therefore, when a series of tests was to 
be made, it was essential that any strain hardening 
introduced by the measurement could be removed 
completely by a recovery treatment. It had already 
been demonstrated * “ that with shear specimens it 
was possible to reproduce the stress-strain curve 
over and over again if the crystal was heated to 
400°C after each test. The scatter in yield stress 
observed in a series of tests on a single specimen 
was usually less than half as much as would be 
obtained from the same number of carefully selected 
separate specimens. 

It was necessary to determine whether similar re- 
producibility also could be obtained with kink speci- 
mens. In this kind of specimen, the gage section was 
terminated by a pair of edge dislocation boundaries 
‘which continuously increased in angular magnitude 
throughout a series of tests and m‘ght therefore 
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cleaved through the center after a 1 pct 
strain shows the small angle boundary on 
both cleavage and side surfaces. 


exert an influence on the shape of the stress-strain 
curve. The shaded areas of Figs. 8, 9, and 11 show 
the scatter observed for several tests on three differ- 
ent crystals. No regular change in successive stress- 
strain curves was observed. The magnitude of the 
yield stress (as computed from the minimum cross- 
section between the bottoms of the notches) and the 
rate of strain hardening in kink specimens were 
found to be comparable with the same quantities 
obtained from tests on conventional shear specimens. 

From the previous work’® it was suspected that the 
strengthening effect of dislocation boundaries might 
be greatly influenced by the annealing procedure 
employed. Since it was desired to determine the 
change in yield strength of crystals containing 
boundaries as a function of annealing temperature, 


Fig. 6—The loading and 
strain-measuring assem- 
bly employed for test- 
ing of kink specimens. 
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Fig. 7—This type of specimen was used for introduction of a 
pair of simple tilt boundaries of controlled angle through the 
test section. 


it was necessary to know whether the base yield 
stress was affected by changes of annealing tem- 
perature. It was found that for a good crystal (one 
having a yield of about 30 psi) a change in anneal- 
ing temperature from 300° to 400°C resulted in a 
negligible shift in the level of the stress-strain 
curve. It was therefore possible to determine the 
base yield stress employing a 400°C annealing tem- 
perature and be reasonably certain that nearly the 
same value would have been obtained if a 300°C 
anneal had been used instead. All annealing was 
carried out in a helium atmosphere. Two standard 
cycles were used: 1 hr at 400°C or 2 hr at 300°C. 
Cooling to room temperature was accomplished by 
turning off the power to the furnace, which resulted 
in a maximum cooling rate of 10°C per min. All 
tests were conducted at a temperature of 78°K. 


Experimental Results 
Results for Simple Edge Dislocation Boundaries: 
A pair of pure edge dislocation boundaries lying at 
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Fig. 8—Effect of annealing temperature on the strengthening 
due to a pair of 1° edge dislocation boundaries. Shaded area 
shows the limits of scatter for four tests on the specimen be- 
fore introduction of boundaries. Annealing temperature was 
400°C. Triangles: after introduction of a pair of 1° bound- 
aries and an anneal at 300°C. Circles: same pair of bound- 
aries after an anneal at 400°C. 
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right angles to the active slip direction was the first 
type of substructure to be studied. In this case the 
dislocations forming the boundary array all had 
the same Burgers vector as the dislocations con- 
tributing to the strain. Fig. 8 shows the effect of in- 
troducing a pair of such boundaries on the stress- 
strain curve of a kink specimen. The base curve, as 
represented by the shaded area, was obtained before 
the boundaries were introduced; the crystal was an- 
nealed at 400°C between tests. The boundaries were 
then formed by gripping the specimen at the inner 
set of notches and shearing the crystal a predeter- 
mined amount at liquid nitrogen temperature; the 
specimen was then annealed at 300°C. The stress- 
strain curve fell exactly in the center of the shaded 
area enclosing the initial stress-strain curves. There 
was no apparent strengthening effect produced by 
the boundaries.* The same specimen was then an- 


* However, the base yield stress for this crystal was a little 
higher than that obtained for the most perfect specimens tested. It 
is likely that a 300°C anneal before introduction of the boundaries 
would have resulted in a slightly lower set of base curves. There- 
fore, it is probable that the pair of 1° boundaries annealed at 300°C 
did have a small strengthening effect. 


nealed at 400°C and a second stress-strain curve was 
obtained. A 22 pct increase in yield stress was then 
observed. The experiment showed that a pair of 
edge dislocation boundaries had an almost negligible 
strengthening effect unless the crystal containing 
the boundaries had been heated to a temperature 
close to the melting point prior to testing. Another 
interesting feature of these curves was the constant 
value of the strain hardening coefficient; the pres- 
ence of substructure affected only the yield stress 
and, in some cases, the sharpness of the yield. 

The relationship between boundary angle and 
strengthening effect was investigated with the same 
type of kink specimen. Fig. 9 shows the results ob- 
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Fig. 9—Stress-strain curves from a single specimen show the 
effect of introducing a pair of pure tilt boundaries of con- 
trolled angle. The crystal was annealed at 400°C before each 
test and the temperature of testing was —196°C. The shaded 
area shows band of scatter for three tests on the specimen 
before introduction of boundaries. 
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Fig. 10—Curve indi- 
cates increase’ in 
yield stress as a 
function of boundary 
angle for a pair of 
simple edge disloca- 
5 tion boundaries an- 
nealed at 400°C. 
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tained with boundaries of various angles. All of the 
tests were preceded by an anneal at 400°C. The 
crystal used for this series of tests was initially quite 
perfect, as evidenced by the relatively low base 
yield stress and the small amount of scatter for the 
first three tests. Yield-stress increase as a function 
of boundary angle is plotted in Fig. 10. The yield 
stress rose rapidly at very small boundary angles 
but appeared to saturate by the time an angle of 1° 
had been reached. 

Results for an Array of Screw Dislocations: The 
effect of twisting about an axis normal to the slip 
plane thus introducing screw dislocations into the 
(0001) planes is shown by Fig. 11. The numbers 
opposite the curves indicate the sequence of the tests. 
300°C annealing was used for the base curves and 
for the first two curves after twisting 0.11° per mm. 
Unlike the edge dislocation arrays, the screw array 
had a significant strengthening effect even after 
300°C annealing. After twisting, the yield was 
poorly defined with the linear part of the curve 
only being reached after a strain of 0.006. Again, as 
in the case of edge arrays, no change in the slope 
of the linear part of the curve was observed. 400°C 
annealing produced an additional increment of 
strengthening as shown by the third curve for the 
0.11° twist. The increase in yield stress as a function 
of twist angle is plotted in Fig. 12. The relation is 
analogous to that obtained for edge boundaries. A 
sharp rise for small angles of twist was followed by 
decreasing increments in strengthening effect for ad- 
ditional increments of twist. 


Discussion 

Prior to each of the tests, the crystals were in the 
annealed condition in the sense that they had been 
heated to a temperature close to the melting point. 
The annealing treatments were sufficient to accom- 
plish complete recovery in a homogeneously de- 
formed specimen.” “ Therefore, although parts of the 
specimen“underwent plastic deformation during the 
introduction of the. simple substructures, it can be 
assumed that all of the attendant work hardening 
was removed by the heat treatment. The only re- 
maining differences were those in the arrays of like 
dislocations which made up the substructures. 

By measurement of boundary angle in the case of 
pure tilt boundaries, it is possible fron: geometrical 
considerations alone to calculate the spacing be- 
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Fig. 11—Effect of twisting about an axis normal to the slip 
plane on the stress-strain curve is illustrated. Numbers indi- 
cate sequence of tests. 


tween the excess dislocations of the same sign which 
make up the boundary. Similarly, in the case of a 
twisted crystal if the twist angle per unit length 
along the twist axis is known, the density of excess 
screw dislocations of the same sense is fixed by 
geometry. However, the precise distribution of these 
dislocations among the possible parallel slip planes 
cannot be determined by any available means. Since 
climb of edge dislocations becomes possible at high 
temperatures, it is reasonable to assume that changes 
in vertical distribution occur during annealing. How- 
ever, in view of the importance of annealing temper- 
ature in determining the strengthening effect of a 
given substructure, it seemed desirable to obtain 
some experimental evidence that changes in bound- 
ary structure actually occurred at the annealing 
temperature employed. 

The following experiment shows clearly that ver- 
tical redistribution of dislocations in a tilt boundary 
does occur when a zinc crystal is heated to 400°C. 
Fig. 13 describes the experimental conditions. A 


bend plane was formed at right angles to [2110] by 
local slip having a slip vector [2110]. The intersec- 
tion of the bend plane with the (0001) surface is 
readily observable.® The position of the bend plane 
intersection with the (1120) surface coincided 
with the ends of the slip markings which were visi- 
ble in the plastically deformed part of the crystal. 

25 


Fig. 12—Curve shows 
increase in _ yield 
stress as a function 
of twist angle. 
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(OOO!) PLANE / Fig. 13 — Diagram 
/ TOP VIEW shows formation of a 
small angle boundary 
by localized shear 
strain. Intersection of 


boundary with (1210) 
surface as seen on 
cleavage face coin- 
cides with ends of 
SIDE VIEW slip markings as seen 


on (1210) surface. 


30°, 


SLIP MARKINGS 
(1210) PLANE 


Directly after formation, the boundary was diffuse. 
Rather than being a sharp bend, it was a narrow 
zone of curvature. The distribution of slip as shown 


by the slip markings on the (1120) surface required 
that the boundary had a structure like that pictured 
in Fig. 14a. Most of the dislocations must have been 
clustered in groups at the termination of visible 
bands of slip. If such a boundary were to move in 
the direction of the slip vector of its component dis- 
locations, all of the dislocations remaining in their 
original slip planes, then the slip markings as seen 


on the (1120) surface would either extend or con- 
tract depending on the direction of the motion of the 
boundary. If, on the other hand, the dislocations 
were allowed to redistribute themselves vertically 
by climb into a uniformly spaced array such as Fig. 
14b prior to motion of the boundary, then the slip 
markings which terminated at the original position 
of the boundary should remain unchanged by the 
motion. Motion of the regularly spaced array would 
cause such small closely spaced steps on the surface 
as to be unresolvable by the microscope. Fig. 15 
shows that this was the case when a boundary was 
caused to move at a temperature of 400°C. The 
original slip markings remained unchanged as the 
position of the boundary changed. 

These results mean that after annealing at 400°C 
the boundaries which were present did have a struc- 
ture which approached a regular array. However, 
there are still unknown details of the distribution 
which may be extremely important. For example, if 
it were possible to follow one of the dislocation lines 
in the boundary, it is probable that every so often 
there would be jogs where the line stepped from one 
close-packed plane of atoms to the next parallel one. 
The number of these jogs per unit length of disloca- 
tion line is probably an important factor in deter- 
mining the properties of a boundary. 

The qualitative result that unannealed boundaries 
or those which had only been annealed at low tem- 
peratures showed little or no strengthening effect is 
reasonable on the basis of the simple dislocation 
» model of boundary structure presented in Fig. 14a. 
Many of the boundary dislocations would be at- 
tracted only weakly, if at all, to the region of curva- 
ture. Such a boundary might be expected to act as a 
source of dislocations rather than as a barrier to slip. 

The quantitative results, however, are difficult to 
explain on the basis of the ideal boundary structure 
and present theories of slip. For example, if the 
strengthening effect is assumed to be related to the 
local stress necessary to separate two edge disloca- 
tions spaced at the same vertical distance as those 
in the boundary, then the strengthening effect should 
increase linearly with boundary angle as long as the 
angle is less than a few degrees.” The results showed 
a marked deviation from linearity at boundary 
angles which were only a fraction of a degree. Fur- 
thermore, if the boundary is considered as a local 
barrier against which a number of dislocations must 
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pile up on each active slip plane before a slip ava- 
lanche can break through, then the same simplified 
model referred to previously gives 20 to 200 disloca- 
tions, depending on boundary angle, as the maxi- 
mum number of piled-up dislocations. Consideration 
of the details of the growth of visible slip bands 
suggests that sufficient stress concentration to pene- 
trate the boundary should always be present at the 
tip of an advancing band of slip. On the basis of a 
barrier model of the strengthening effect, it is also 
difficult to understand why the yield was sometimes 
observed to be just as sharply defined when bound- 
aries were present as it was before any had been in- 
troduced, Fig. 9. The two curves were sometimes 
parallel beyond a strain of 0.0001 although the yield 
stress differed by 25 pct. It would be more reason- 
able to expect yielding to occur at approximately the 
same stress and to be followed by rapid strain hard- 
ening when a boundary was present until stress con- 
centrations could build up at the barrier. This type 
of behavior was observed, for example, in the 
twisted crystals, Fig. 11. 


Summary and Conclusions 

Two simple types of dislocation distribution were 
introduced into zinc crystal specimens and the effect 
of each on the stress-strain curve was investigated. 
For simple edge dislocation boundaries lying at 
right angles to the active slip direction, a quantita- 
tive study of yield stress as a function of boundary 
angle was made. The presence of a pair of 0.05° 
simple edge dislocation boundaries across the gage 
section of a specimen caused a 25 pct increase in the 
yield stress. Further increases in boundary angle 
were accompanied by smaller increments in strength- 
ening effect. A saturation value of about 50 pct in- 
crease in yield stress appeared to be approached for 
boundary angles above 1°. 

For a given boundary angle, the strengthening 
effect was determined by the temperature at which 
the specimen containing a boundary had been an- 
nealed. A pair of 1° boundaries introduced by plas- 
tic bending at liquid nitrogen temperature produced 
no strengthening at all if the crystal had been heated 
only to room temperature, very little strengthening 
if heated to 300°C, but a large increase in yield 
stress if heated to 400°C. 

An array of screw dislocations was introduced into 
the (0001) planes by twisting about the c-axis. 


formation by local- 
ized shear strain at 
low temperature. + ~ 
P 
“Yo 
b—Change in struc- 
— 
ture of boundary after Ti = 
heating to 400°C. + 
Ti 


Fig. 14—Change in structure of a boundary on heating to a high 
temperature is illustrated. 
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tempera- b 


a—Diffuse boundary formed at low 


-Motion of the boundary after heat- 


c—Further motion of the boundary. 


ture as indicated in Fig. 13. Arrow 1 points to ing to 400°C. Since visible slip mark- 
(0001) surface, arrow 2 to common edge, and ings on (1210) surface are unchanged, 


arrow 3 to (1210) surface. 


dislocations must have rearranged them- 


selyes vertically by climb as indicated 
in Fig. 14 before the boundary started 


to move. 


Fig. 15—Three parts of the figure show experimental evidence for dislocation climb in zinc. X100. 


Quantitative measurements of strengthening effect 
as a function of angle of twist gave results similar 
to those for simple edge dislocation boundaries; the 
first small increment of twist angle produced the 
largest increment in yield stress. A somewhat 
smaller dependence on annealing temperature was 
observed for this type of array. 

Two further qualitative observations were com- 
mon to most of the tests: 1—-No change in the slope 
of the linear part of the stress-strain curve was ob- 
served. 2—The yield was usually not as sharp as in 
macroscopically perfect crystals; appreciable plastic 
strain accompanied by rapid strain hardening oc- 
curred before the linear part of the curve began. 
This was not always true for the case of pure edge 
dislocation boundaries. 

The following conclusions can be drawn from the 
results: 

1—The yield strength of a metal crystal is deter- 
mined not only by the submicroscopic or microscopic 
distribution of dislocations throughout the crystal 
but also by concentrations of dislocations on a 
macroscopic scale forming isolated small angle 
boundaries. 

2—Rate of strain hardening at larger strains is not 
affected by edge dislocation boundaries or by an 
array of screw dislocations in the slip planes. There- 
fore it seems probable that the small linear rate of 
hardening of hexagonal crystals is due to a process 
occurring on a submicroscopic scale. 

3—The detailed structure of a small angle bound- 
ary, as determined by prior strain and thermal his- 
tory, determines its effectiveness as a barrier to slip. 

4—Boundary intersections do not appear to be 
a necessary condition for the strengthening effect 
of a substructure, since a pair of pure tilt bound- 
aries was’ just as effective in producing a strength- 
ening effect as the complex array studied earlier. 

5—Climb of dislocations does occur in zinc crys- 
tals when heated to a temperature of 400°C. 
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Creep Deformation of Magnesium at Elevated Temperatures by 


Nonbasal Slip 


by A. R. Chaudhuri, H. C. Chang, and N. J. Grant 


During the creep of coarse-grained polycrystalline magnesium at elevated temperatures, 
a nonbasal type of slip was found to play an important role in the deformation processes. 
The nonbasal slip traces were examined metallographically in eight specimens (13 grains) 
and the observed glide plane located stereographically for each grain. The tests were run 
at 500° and 700°F at stresses of 148 to 786 psi. Based on these measurements and theo- 
retical calculations, the crystallographic elements for nonbasal slip were determined. 


HEN a metal deforms by slip, the conventional 

appearance of the slip bands on the surface of 
a specimen is that of straight lines. Such is the be- 
havior of the face-centered-cubic metals, as for ex- 
ample, aluminum. The particular slip system on 
which slip occurs in these metals is governed by the 
criterion of resolved shear stress. 

Work on the body-centered-cubic metals a-iron,” * 
molybdenum,’® and columbium* has shown that the 
process of slip is somewhat more complicated than 
the simple gliding of one close-packed plane of 
atoms over another in a close-packed direction and 
that it results in the formation of wavy and irregu- 
lar slip traces on the surface. The recent reviews and 
experiments of Vogel and Brick*® and Chen and Mad- 
din® show that, for the body-centered-cubic metals, 
the resolved shear stresses along the planes and the 
degree of close-packing do not necessarily deter- 
mine the slip system. Theirs and other investigations 
indicate that a complete understanding of the slip 
process in the body-centered-cubic metals is not yet 
possible. However, one behavior displayed by all 
these metals is that the slip direction is invariably 
one of the close-packed directions <111>. The wavy 
nature of the slip-band traces has been explained on 
the basis of cooperative slip by planes sharing this 
same slip direction.”** 

It is generally acknowledged that, when the hexa- 
gonal-close-packed metal magnesium (axial ratio 
c/a = 1.624) deforms by slip at room temperature, it 


A. R. CHAUDHURI, H. C. CHANG, Associate Member AIME, and 
N. J. GRANT, Member AIME, are Research Associate, Staff Member, 
Diy. of Industrial Cooperation, and Associate Professor, respectively, 
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bridge, Mass. 
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does so by basal slip in the close-packed direction 


<1120>. This type of slip has the conventional ap- 
pearance of straight lines and is governed by the 
critical shear-stress law. Schmid and coworkers’ 
showed that basal slip was operative in the temper- 
ature range of —-185° to 300°C (—300° to 572°F). 
Work by Servi, Norton, and Grant® has shown 
that, during the creep of coarse-grained aluminum 
at high temperatures, new slip systems come into 
operation. The existence of a new high temperature 
slip system at temperatures greater than 225°C 
(437°F) for magnesium was suggested also by 
Schmid.® This was later indicated by Bakarian and 
Mathewson‘ to be slip along the pyramidal planes 
{1011} in the close-packed direction <1120>.* They 


* Mention will be made in the text of pyramidal planes and 
prismatic planes. The pyramidal planes referred to are the type I, 


order 1 of the form {1011}; and the prismatic planes of the type 1 
of the form {1010}. For the sake of brevity, they are termed in 
the text as pyramidal {1011} and prismatic {1010} planes, re- 
spectively. Where reference is made to the pyramidal plane type 
1, order 2 of the form {1012}, they are referred to as the pyramidal 
planes of the type {1012}. 


observed that this kind of slip resulted in irregular 
markings on the specimen surface. According to 
them, a possible cause for the appearance of the 
markings was due to “limited accessory slip on the 


pyramidal {1012} planes.” Burke and Hibbard,* on 
deforming a single crystal of magnesium at room 
temperature, found evidence of slip on a pyramidal 
plane {1011}. They explained it as being due to the 
effect of grip restraints. 

It is pertinent to note at this point that, although 
basal slip has received a fair amount of attention, 
only two specimens have been investigated, that of 
Bakarian and Mathewson and of Burke and Hibbard, 
to establish the elements of nonbasal slip in mag- 
nesium. 

During the study of the deformation mechanisms 
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Fig. 1—Examples of non- 
basal slip traces, grain 
32-1. Inclination of ob- 
servation plane to plane 
containing both the slip 
direction and the axis of 
tension. Axis of tension 
is vertical. a, flat refer- 
ence surface, 22°; b, 6°; 
c, —57°; and d, sche- 
matic drawing showing 
the traces on these three 
surfaces. X50. 


a 


of magnesium in creep at high temperatures, Chaud- 
huri, Grant, and Norton’ observed that one of these 
mechanisms was by nonbasal slip. The nomen- 
clature of pyramidal slip was given to these mark- 
ings on the basis of the similarity they bore in 
appearance to those observed by Bakarian and 
Mathewson. Roberts” also has observed this nonbasal 
type of slip. The extreme irregularity of these bands 
seemed to suggest that it was unlikely that slip 
occurring on a single plane of atoms could result in 
traces of this type. It was felt that their appearance 
could be more successfully rationalized by using 
arguments similar to those that have been used to 
explain the nature of the markings in the body- 
centered-cubic metals. 

Because this type of nonbasal slip plays an im- 
portant role in the creep of coarse-grained poly- 
crystalline magnesium at high temperatures, it was 
decided to study it in greater detail. 


Experimental Procedure 

The magnesium studied in this work was supplied 
by the Dow Chemical Co. and was of 99.972 pct 
purity. The originally round specimens had paral- 
lel flats milled on opposite sides for the purpose of 
metallographic examination. The test bar ends were 
threaded to fit the specimen holders. The test zone 
had the dimensions of 1x3/16x7/64 in. The average 
diameter of the grains examined was about 2 to 3 
mm and was attained by annealing at 1100°F for 
about 15 hr. The specimens were polished electro- 
lytically in a solution of orthophosphoric acid and 
ethyl alcohol prior to deformation. Direct loading of 
the specimens was used. The details of the prepara- 
tion and testing of the specimens have been reported 
previously.’ The specimens were deformed in air, 
but the resulting oxidation was only slight. This 
lead to the formation of small oxidation pits dis- 
tributed both randomly on the surface and also pref- 
erentially along zones of deformation. 

Polycrystalline specimens were used in this work 
but only those grains which occupied nearly the 
whole of the cross-section were selected for analy- 
sis. Micrographs at X50 were taken at several 
azimuthal positions around the specimen axis. The 
angles made by the slip traces to the axis of tension 
were measured from these micrographs. The amount 
of rotation was measured with respect to one of the 
flat surfaces of the specimens and was determined 
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by means of a protractor attached to the specimen 
holder and axially aligned with it. Since the speci- 
mens were not round in their cross-sections, the 
entire circumference of the specimens could not be 
examined. The orientations of the grains were de- 
termined from Laue back-reflection X-ray pictures 
which were taken on the deformed specimens. In 
most cases the breaking up of the Laue spots into 
streaks was small (2°) and they did in no case 
exceed 5°. In plotting the zones, the hyperbolae 
passing through the centers of the streaks were used. 
Consequently, the true orientations could be of the 
order of +2%° from the measured ones. The angles 
made by the slip traces were transferred to the 
stereographic projections. 

A glance at the micrographs (Fig. 1) will show at 
once that the slip-band traces are very irregular in 
appearance. Although the bands are wavy, they are, 
in general, more or less parallel in any one grain. 
Grains in which too much branching and forking of 
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Fig. 2—Projection of grain 48-3, showing location of observed glide 


plane. GP stands for pole of glide plane; SD. 1, <1120> slip 
direction in glide plane; MS, pole of maximum resolved shear-stress 


plane on effective <1120> zone; and T, tension axis. 


MAY 1955, JOURNAL OF METALS—683 


4 4 a ft ‘ 
o 
< Ir I 
f SD.| 
/| 
if / 
3 \ \ 
\ NS 
| \ BASAL 
| PLANE GLIDE 
\ | PLANE 
\ \ 
\ \ 
\ 
Ne Iw 
WAX 
\ 
\ 
2 
= 


[0001] 


248-3 


~ - - 


[1070 ] 


Fig. 3—Orientations of grains studied. 


the slip bands were exhibited were not used in this 
analysis. At each position of observation, an average 
was taken of the angles made by several traces; and 
traces showing too marked a departure from the 
general direction were not included among those 
measured. One difficulty encountered in this work 
was due to the formation of volatilization pits on the 
specimen surfaces during the annealing to produce 
the coarse grain size needed. It was attempted to 
electropolish to a depth below these pits. In most 
cases, the polished surfaces were free of these im- 
perfections; however, in a few other instances the 
pits were too deep to be completely removed. Natu- 
rally, slip bands on passing through them appeared 
curved. Such traces were not measured. 

The accuracy of the location of a glide plane ob- 
tained from such irregular bands might well be 
questioned and it is best discussed by means of an 
example. The basic circle in Fig. 2 represents one of 
the flat surfaces of grain 48-3.* The axis of tension 


* The first two-digit number indicates the specimen, while the 
third digit indicates the particular grain in that specimen. 


is indicated as T. The encircled dots are the direc- 
tions (with respect to the axis of tension) of the 
traces on surfaces, which are inclined by known 


amounts to the flat surface represented by the basic 
circle. The great circle passing through these dots is 
the observed glide plane, and its pole is shown as 
GP. For this grain, it will be seen from Fig. 2 that 
the scatter of the trace directions about the observed 
glide plane was not at all large. In most other cases, 
the scatter was such that the angular distance be- 
tween the pole of the glide plane and each of the 
trace directions was within 90+7°. A possible reason 
for the comparatively large amount of scatter in the 
latter measurements is given subsequently, and it 
will be shown that it is not so much a question of 
error as it is of something latent in the nature of 
this mode of deformation. This reason also will ex- 
plain the wavy appearance of the bands. 

Table I shows the test conditions for the speci- 
mens. All the specimens except specimens 31 and 32 
were deformed at 700°F. These two were deformed 
at 507° and 470°F, respectively. Specimens 31 and 
33 were deformed to fracture. The grains selected 
from these specimens for examination were, how- 
ever, quite far from the fracture zone, and a metal- 
lographic study of these grains indicated that the 
severity of the deformation in the fracture zones did 
not spread to the grains 31-1, 33-2, and 33-4. In 
specimen 54 the whole gage section was practically 
occupied by one grain. 

The orientations of the crystals used are shown in 
Fig. 3. The concentration of the orientations to one 
small region will be noted at once. This resulted be- 
cause the coarse grains, grown from the smaller ones 
in the extruded rods, retained orientations not far 
removed from the original preferred orientation, 
namely, one in which the basal planes are nearly 
parallel to the axis of extrusion. As will be shown 
later, this particular orientation effect was not only 
beneficial, but also very necessary for this investi- 
gation. 

Experimental Results and Discussion 

In determining the glide plane, it usually suffices 
to measure the angles made by the slip traces with 
respect to a particular direction on two surfaces at a 
known angle to each other, the particular direction 
being common to both surfaces. In view of the fact 
that the slip bands studied in this work were wavy, 
measurement of the angles made by the traces on 
more than two surfaces was performed, since this 
resulted in greater accuracy. 


Fig. 4—Nonbasal slip traces in grain 33-4. Inclination of observation plane to plane containing both the slip direction and the axis of ten- 
sion. Axis of tension is vertical. a is flat reference surface, 54°; b, 23°; c, 12°; d, 2°; e, —5°; f, —15°; g,—25°; and h, —36°. X50. 
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Table |. Test Conditions 


Number 
pecimen of Grains Stress, Elongation, 
No. Studied Psi 

31 1 670 To fracture About 330 
32 1 786 3.7 T17 
33 2 426 To fracture About 9 
39 1 392 13 17 
48 3 148 4.6 66 
51 3 178 5.7 181 
52 il 187 2.9 29 
54 1 173 4.9 27 


Metallographic Observations: Fig. 4a to h shows 
the traces of the slip bands on the surfaces of grain 
33-4. Fig. 5 is a stereographic projection of this 
grain. Each encircled dot represents the average of 
the experimentally determined angles between the 
tension axis T and the slip traces on a surface of ob- 
servation. The inclination of the observation sur- 
face was measured with respect to a reference sur- 
face (one of the flat surfaces of the specimens) and 
each surface of observation also was parallel to the 
tension axis. The best great circle passing through 
these points is therefore the observed glide plane, 
and its pole is shown as GP. The slip direction of the 
type <1120> situated closest to the glide plane is 
shown as SD. This typical example shows that the 
pole of the observed glide plane lies very close (1°) 
to a <1120> zone and is situated between the poles 
of a {1010} prismatic plane, 1, and a {1011} pyra- 
midal plane, I. This pole also lies close (1°) to the 
pole of the maximum resolved shear-stress plane on 
this particular zone. The latter pole is indicated as 
MS in Fig. 5 and is located at the intersection of 
this zone and the plane containing both the axis of 
tension and the slip direction. Also evident is the 
fact that the glide plane pole does not coincide with 
the pole of any low index, and therefore densely 
packed, plane. Fig. 6 shows the location of the glide 
plane in the single crystal 54-1. It will be seen that 
the relationships of the pole of the glide plane to the 
various other poles are, in general, the same as those 
of the pole of the glide plane in grain 33-4. It is 
found again in this grain that the observed glide 
plane pole lies very close to the maximum resolved 
shear-stress plane pole, MS. Table II shows, for all 
the grains examined, the locations of the poles of the 
glide planes with respect to the <1120> zones closest 
to which they are situated and, also, to the poles of 
the pyramidal {1011} and prismatic {1010} planes 
between which they lie. The following observations 
can be made from this table of results: 

1—The observed glide plane pole does not coincide 
with the pole of any low index plane. 

2—The observed glide plane pole is close to a 
<1120> zone. The maximum distance was 4°. 

3—The observed glide plane lies between a pris- 
matic plane {1010} and a pyramidal plane {1011} 
though closer to the former. 

4—The angular distance between the glide plane 
pole and the {1010} and {1011} poles is not constant, 
indicating that no unique glide plane can be assigned 
to this type of nonbasal slip. 

No attempts were made in this work to determine 
the slip direction by determining the rotation of the 
specimen axis after deformation. Others” ®* have 
found that the slip direction is invariably of the 
close-packed-type <1120>. The fact thac there was 
only one such slip direction situated very close to 
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the glide plane left no ambiguity in the choice of 
slip direction. 

It was found that the appearance of the slip traces 
was not a constant feature on every surface of ob- 
servation on a specimen but was, in fact, dependent 
on the angle made by the surface of observation to 
the slip direction. A series of traces shown in Figs. 
4a through 4h obtained from grain 33-4 illustrates 
this point very clearly. 


Table II. Location of Pole of Observed Glide Plane 


Distance of Pole of Observed Glide Plane From: 


Maximum 


Closest Slip Resolved 
Grain Direction {1011} {1010} Shear Plane 
31-1 87° 27 3 4 
32-1 87° 24 5 3° 
33-2 8812 25 6s 
33-4 89° 16% 10%° 1 
39-1 87° 27° 3¥2° 7 
48-1 86° 192 10° 8° 
48-2 86° 27 612° 
48-3 85° 12° 18 
51-1 87° 28° 3° 512° 
51-2 87° 252° 
51-3 86° 23° 6% 
52-1 87° 
54-1 86° 22° 8 4° 


Fig. 4d shows that when the surface of observa- 
tion was almost parallel to the slip direction, not 
only were the traces the sharpest of the series, but 
also there was only one set of parallel traces. This 
fact is important in that it indicates that only one 
slip direction, one of the close-packed <1120> direc- 
tions, is involved in the formation of these bands. 
Hence, it is reasonable to suppose that the glide 
process is due to the cooperation between planes 
sharing this same slip direction and that planes 
having other slip directions do not take part in this 
process, at least not to any significant extent. In 
other words, the planes taking part necessarily be- 
long to the same zone. Since all the planes of a 
<1120> zone intersect along a line, which is the slip 
direction, all the planes (of the zone) would each 
make the same trace on a surface parallel to this 
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Fig. 5—Location of glide plane in grain 33-4. GP is pole of glide 
plane; SD. 1, <1120> slip direction in glide plane; MS, pole of 
maximum resolyed shear-stress plane on effective <1120> zone; 
and T, tension axis. 
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line; and the direction of the trace would be the 
same as the slip direction. The sharpness of the 
traces on a surface parallel to the slip direction is 
then understandable. 

As the surface of observation becomes increas- 
ingly inclined to the slip direction, Figs. 4c, 4b, and 4a 
and 4e to 4h show that observed slip traces become 
progressively wider and coarser. This is to be ex- 
pected on the basis of the foregoing argument since, 
as the surface of observation becomes increasingly 
inclined to the slip direction, the traces of the planes 
(of the zone) make increasingly larger angles with 
each other on the plane of observation. Conse- 
quently, the observed slip bands would tend to be- 
come progressively coarser. In the ideal case, that is, 
one in which every direction of rotation is available, 
a plane of observation almost parallel to one of the 
planes in the effective zone would be the surface on 
which the coarsest possible traces would be seen. 

The tension axis was the axis of rotation used to 
obtain the different observation surfaces. Hence, the 
coarsest traces were observed on a surface 90° re- 
moved from that on which the sharpest were seen. 
Due to the specimen shape and the size of the grains, 
the whole circumference of the specimens could not 
be examined. As a result it was not possible in every 
case to view surfaces which would show each of 
these types (fine or coarse) of traces. However, it 
was found in all the specimens that the traces be- 
came finer as the surface of observation approached 
a parallel position to the slip direction. Also, they 
tended to become coarser as the surface of observa- 
tion approached a surface perpendicular to that 
parallel to the slip direction. The series of micro- 
graphs in Fig. 4 demonstrates these findings. 

Surface Atomic Density Factors: It has been 
demonstrated that the wavy nonbasal slip bands 
encountered in this work result from cooperative 


slip between planes belonging to a <1120> zone, and 
which, therefore, share the same slip direction, a 
<1120> direction. The fact that the pole of the 
observed glide plane was, in all cases, located near 
a <1120> zone and between the poles of a prismatic 
plane {1010} and a pyramidal plane {1011}, suggests 
that these may be the two participating planes. One 
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Fig. 6—Location of glide plane in grain 54-1. 
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criterion used to determine the ease of slip along a 
plane is that of the surface atomic density of the 
plane. An indication of the particular planes of the 
<1120> zone participating in the slip process is ob- 
tained by considering the atomic densities of the 
more important planes of this zone. 

Table III shows these values. It is evident that the 
atomic density of the basal planes is much higher 
than those of the other planes. The pyramidal {1011} 


and the prismatic {1010} planes have values which 
are quite close to each other, while that of the pyra- 
midal plane {1012} is much less. The slightly higher 
atomic density of the prismatic planes suggests that 
if the criterion of the degree of close packing is the 
only one to determine the ease of slip, then slip on 
the prismatic planes should be easier than slip on the 
pyramidal planes {1011}, the orientation of the 
planes being suitable. 

Consideration of the interplanar spacings for these 
planes introduces some uncertainty in this reason- 
ing. Due to the presence of the centered atoms, the 
hexagonal-close-packed structure may be consid- 
ered as being composed of two interpenetrating 
simple hexagonal lattices. Fig. 7 shows a hexagonal 
lattice viewed in a <1120> direction and illustrates 
the traces of the basal, the two pyramidal {1012} 
and the {1011}, and the prismatic planes {1010} ona 
{1120} plane. It is apparent that, whereas the basal 
planes are uniformly spaced at intervals of c/2, the 
other planes are not. The ratios of the nonuniform 
spacings are 1/3:2/3, 1/6:5/6, and 1/3:2/3 for the 
planes {1012}, {1011}, and {1010}, respectively. 
These nonuniform spacings and the spacings that 
would result if the centered atoms are not considered 
are also shown in Table III. It is obvious that the 
centered atoms are essential in any consideration of 
slip in the hexagonal-close-packed metals; and 
therefore, the largest interplanar spacing listed for 
each plane (that value obtained by not considering 
the centered atoms) does not have any significance. 
Consequently, in addition to the surface atomic den- 
sity for a plane, the nonuniform interplanar spacing 
must also be taken into account as a factor in deter- 
mining the plane for slip. Chalmers and Martius” 
considering, in effect, these arguments have at- 
tempted to rationalize the nonoccurrence of pris- 
matic slip and the occurrence of pyramidal slip in 
magnesium. On the other hand, Rosi, Dube, and 
Alexander” have suggested that prismatic slip 
should be possible in magnesium. Thus the prefer- 
ence of the one slip system for the other is still in 
question. 

There is no doubt that slip along the basal planes 
as the predominant slip system in magnesium is 
supported from considerations of both the atomic 
densities and the interplanar spacings. Due to the 
nonuniform spacing of the planes of the <1120> 
zone, the choice of the slip system (with a <1120> 
slip direction), which is next likely to be operative, 
is not quite as unambiguous. However, when basal 
slip is not possible, it is reasonable to assume that 
the systems {1011} <1120> and {1010} <1120> are 
the next most favorable systems on which slip is 
likely to occur. 

Resolved Shear-Stress Considerations: The pos- 
sibility of slip along these planes is enhanced by a 
consideration of the resolved shear stresses along 


these planes and the critical resolved shear stress for 
slip. 
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Bakarian and Mathewson’ obtained values of 400 
and 65.5 g per sq mm, respectively, as the critical 
resolved shear stresses for pyramidal {1011} and 
basal slip in magnesium. Their values were obtained 
for magnesium of a purity similar to that used in the 
present work and at a temperature of 330°C 
(626°F). Therefore, for pyramidal slip to occur, the 
orientation factor (cos 6 cos \, where @ and } are, re- 
spectively, the angles made by the normal to the 
plane and the slip direction in the plane to the axis 
of tension) of the pyramidal plane must be about 
six times as high as that of the basal plane. The 
critical resolved shear-stress values for slip along 
the prismatic {1010} and the pyramidal {1012} 
planes are not available, slip not having been ob- 
served to take place along these planes. However, 
since the atomic densities suggest that slip will oc- 
cur at least as easily along the prismatic planes as 
along the pyramidal {1011} planes, it can be as- 
sumed that the critical resolved shear stress for 
prismatic slip will be about the same as that for 
pyramidal {1011} slip. 


Table II]. Atomic Densities and Interplanar Spacings in 
Magnesium (c/a, 1.624) 


Plane Atomic Density Interplanar Spacing, A 


2 c/2 
= 0.114 c 


2.605 
5.21 


(0001) 


ac\/3 
101633 
6\/3a2 + c2 
(1012) 1 


ay/3a2 + c2 3\/3a? + c? 
ac\/3” 


2\/3a? + c? 


= 0.408 
6\/3a2 + 4c? 


2 
ay/3a?2 + 4c? 6\/3a2 + 4a2 
ac\/3- 
V3a2 + 4c? 


—— = 0.928 


(1010) — = 0.0597 — = 1,856 


—— = 2.784 


The orientation factors of the {1011} and the 


{1010} planes, which share the active <1120> slip 
direction and are closest to the operative glide plane, 
were at least 5 to 6 times as high as that of the basal 
plane in every specimen. This is approximately the 
relative value of the orientation factor required for 
pyramidal slip to occur in preference to basal slip 
on the basis of the Bakarian-Mathewson values. The 
values of the atomic densities further suggest that 
if pyramidal slip can occur then prismatic slip 
should also occur, either to the exclusion of, or in 
addition to, pyramidal slip. It should also be noted 


that the planes sharing the active <1120> slip direc- 
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Fig. 7—Projection of atom positions on {1120} plane showing traces 


and interplanar spacings of (0001), {1012}, {1011}, and {1010} 
planes. Magnesium c/a = 1.624 


tion (that which lies closest to the observed glide 
plane) have higher orientation factors than the other 
similar planes containing either of the other two 
available slip directions. 

In the three grains of specimen 51 although the 
{1011} planes, closest to the respective observed 
glide planes, had slightly lower values of resolved 
shear stresses than the other {1011} plane in each of 
the effective <1120> zones, the values of these re- 
solved shear stresses still fulfilled the requirement 
of being at least 5 to 6 times as high as those along 
the respective basal planes. The position of the 
observed glide planes could well be due to the fact 
that the two {1011} planes on the effective <1120> 
zones were nearly equally inclined to the individual 
axes of tension. It is felt that the behavior exhibited 
by these three grains does not contradict the mech- 
anism of this type of slip process to be postulated. 

Thus when basal slip cannot occur, it is suggested 
that a nonbasal type of cooperative slip between the 
{1011} and the {1010} planes will take place. Of 
course, this does not exclude the possibility of other 
planes of the effective <1120> zone from participat- 
ing, but it is expected that their functions would be 
relatively small in extent when compared to those 
of the former two. Slip deformation along the 
{1012} planes is not likely, not only because these 
planes are less densely packed, but also because the 
orientations of the crystals studied were such that 
the {1011} and the {1010} planes were more suitably 
oriented. 

Nature of the Bands: Table II shows the angular 
relationships between the glide plane and the maxi- 
mum resolved shear-stress plane, the prismatic 
{1011}, and the pyramidal {1011} planes (closest to 
the operative glide plane) for all the specimens ex- 
amined. Two facts emerge from this table. First, as 
has been stated before, the operative glide plane 


lies between prismatic and pyramidal planes, {1010} 


and {1011}, respectively, and second, and of greater 
importance, the observed glide plane invariably lies 
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close (at most 8°) to the maximum resolved shear- 
stress plane regardless of its location with respect 


to the {1010} and the {1011} planes. 

The concept of this cooperative type of slip proc- 
ess then may be formulated as follows: The maxi- 
mum resolved shear-stress plane determines the 
operative glide planes. But by itself it cannot be re- 
garded as the actual glide plane because 1—it is not 
a low index plane and 2—the slip traces do not sug- 
gest slip to be taking place on a single plane of atoms. 

However, suitable amounts of glide could occur 


in a consecutive manner mainly along the {1010} 


and the {1011} planes and to smaller extents along 
other planes in the effective zone so as to result in a 
corrugated slip surface (hence the wavy traces) 
which would be more or less parallel to the plane of 
maximum resolved shear stress. This accounts for 
the closeness of the observed glide plane to the 
plane of maximum resolved shear stress rather than 
to either of the two major participating planes. 

Examination of the traces in the grains showed 
that they were only more or less parallel. This fact 
indicates that the extents of cooperation between 
the planes is not uniform even in a single grain. 
Had the extent of cooperation been the same, then 
quite parallel traces would have been seen. There- 
fore, in each localized region having the appearance 
of a slip band, the amount of slip is different and 
this results in the departure from parallel traces. 
The micrographs presented show that the width of 
these slip bands is larger than the conventional ones. 
In fact, it seems correct to think that the type of 
nonbasal slip bands described in this paper are more 
akin to deformation bands than to conventional 
slip bands. 

It is expected that this type of slip must involve 
very close and frequent cooperation between the 
participating planes. It is suggested that this process 
is aided by two factors. First, the lattice geometry 
of magnesium is such that the two major cooperating 
planes make an angle of only 28° with each other. 
Second, the very close values of the atomic densities 
of these planes suggest that the ease of slip is the 
same along either of the two planes. It is then pos- 
sible to understand the nonobservance of conven- 
tional cross slip, noted in face-centered-cubic metals, 
to which this type of nonbasal slip process is really 
very similar in that the planes cooperating share the 
same slip direction. Attempts to resolve the slp 
traces at higher magnifications were not successful. 
In place of the traces seen at lower magnifications, 
only shallow channels were visible at higher ones. 

Mention must be made of the fact that basal slip 
was observed in addition to nonbasal slip in these 
crystals. Small amounts of deformation usually re- 
sulted on handling the specimens prior to and during 
attachment of them in the specimen holders. This re- 
sulted in the formation of twins and basal slip bands, 
but these were usually restricted to the ends of the 
gage lengths near the grips. It was observed micro- 
scopically that basal slip also resulted during creep 
at elevated temperatures. In some of the grains this 
was justifiable on the basis of the resolved shear 
stress of the basal slip system in contrast to that of the 
pyramidal, {1011}. 

Whereas basal slip was observed frequently to re- 
sult on the initial loading of the specimens, that is, 
under conditions involving high strain rates, the 
nonbasal slip bands developed progressively during 
creep. Hence, it is possible that strain rate might 
determine, in part, the type of slip that occurs. It 
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is unlikely that this type of deformation would be 
exhibited at room temperature, since the higher 
strain rates can be more easily accommodated by 
twinning or kinking. 


Summary 

1—A nonbasal type of slip resulting in the forma- 
tion of wavy traces, unlike the straight bands of 
more conventional basal slip, was found to occur 
fairly extensively during hot creep of magnesium. 

2—-The appearance of these traces was dependent 
on the angle between the surface of observation and 
the plane containing both the axis of tension and 
the slip direction. When these two surfaces nearly 
coincided, only one set of straight parallel traces 
were seen and the traces became coarser as the 
specimen was rotated away from the latter surface. 
These facts indicated that only one slip direction 
was involved in this type of slip process and that 
more than one plane was taking part in it. These 
planes would necessarily be planes belonging to the 
same zone, and they were indicated to be the pyra- 


midal plane of the type {1011} and the prismatic 


plane of the type {1010}. 

3—This cooperative form of slip between at least 
two planes also follows from considerations of the 
surface atomic densities and the resolved shear 
stresses. 

4—The observed glide plane did not coincide with 
any low index plane and was nearly parallel to the 
plane of maximum resolved shear stress. 

5—The fact that more than one slip plane was 
taking part indicated that the slip plane was, in 
reality, a corrugated surface formed by suitable 
amounts of glide occurring in a consecutive manner 
along the cooperating planes so as to form a corru- 
gated surface which was nearly parallel to the plane 
of maximum resolved shear stress. 
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after quenching or furnace cooling. Also, no micro- 
scopic observation has been reported comparing the 
structure of quenched or quench-aged specimens with 
that of specimens strain aged after quenching or 
quench aging. 

To cover the first point, some results are reported, 
which were recently obtained on a low carbon rimmed 
steel of the following analysis: 0.053 pct C, traces of 
silicon, 0.305 pct Mn, 0.028 pct S, 0.018 pct P, 0.07 pct 
Ni, 0.1 pet Cu, 0.022 pet Sn, and aluminum nil. Tensile 
loading experiments were made with a hard machine 
of the Polanyi type.“ 

Fig. 17 shows the shape of the stress-strain curves for 
annealed and strain-aged specimens, while Fig. 18 
shows curves obtained with specimens quenched from 
700°C and then strain aged. The annealed specimens 
have an upper and a lower yield point and a 3 pct 
yield-point elongation. The specimens quenched from 
700°C only show an inflection in the curve. Mr. Josefs- 
son has observed a yield point and a yield-point elonga- 
tion in both cases. After straining and aging the an- 
nealed specimens, the yield-point elongation is shown 
to return completely after a certain length of time 
depending on the activation energy of the process, 
which has been measured and found to be of the same 
order as that for the diffusion of carbon and/or nitro- 
gen in iron.” In the case of the quenched specimens, 
strain aging does not produce a yield point even after 
very long periods of aging. An explanation of this 
phenomena on the basis of the dislocation theory can 
be visualized as follows: 

After introducing a large number of dislocations by 
stretching the quenched specimens, the atoms of car- 
bon and nitrogen on aging are prevented from precipi- 
tating as large particles and will move to dislocations. 
This effect has been observed experimentally by Wil- 
son” on 0.45 pet C steels quenched, cold worked, and 
tempered at 200°C for long periods of time. Before 
this, Andrew and Trent” observed that precipitated 
carbides would return to solution if low carbon steel 
was deformed after quench aging. If solute atoms in 
the dislocations are regarded to be in solution, it can 
be said that the limit of solubility of carbon in iron is 
increased. If some carbon does precipitate as carbide, 
it will do so as very fine particles because of the low 
temperature of aging used in the experiment. In this 
case, the concentration of carbon in the matrix, in 
equilibrium with the particles of carbide, is greater 
than that for normal solubility. This has been discussed 
by Glasstone* and Konebeevski.” Because of the fore- 
going combined effects, it is probable that a dislocation 
can never free itself completely of an atmosphere be- 
cause there is too much carbon in solution; and as soon 
as the atmosphere lags behind the dislocation, new car- 
bon atoms would immediately anchor them. 

The fact that, in all tests carried out by the author, 
the transition temperature was found to be higher in 
the strain-aged than in the unstrained specimens can be 
explained on this same basis: the larger number of 
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Fig. 17—Stress-strain curyes of annealed and strain-aged ma- 
terial, stretched 5 pct after annealing and strain aged at 
100°C. 
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Fig. 18—Stress-strain curves of quenched and strain-aged ma- 
terial, stretched 5 pct after quenching from 720°C and strain 
aged at 100°C. 


carbon atoms in solution will prevent movement of the 
dislocations and raise the transition temperature. 

It would be most interesting to compare the distribu- 
tion of carbides shown in Figs. 10, 12, and 13 with that 
observed in the same specimens after strain aging. It 
is expected that the carbides would break down as 
carbon and move to the dislocations. 

Ake Josefsson (author’s reply)—The interesting con- 
tribution by Mr. Tardif is highly appreciated. Accord- 
ing to this author’s experiences, the yield point after 
quenching from 700°C is in some cases conserved, in 
others eliminated, depending on carbon content, grain 
size, cooling rate, and aging treatment. In general, the 
yield-point elongation is eliminated in steels with car- 
bon contents higher than say 0.04 pct, in agreement 
with the statements of Mr. Tardif. Steel E, however, 
after quenching in oil from 700°C, had a definite, al- 
though not very pronounced, yield-point elongation. 
Another steel with 0.048 pct C and 0.22 pct Mn, showed 
a clear yield point if tested directly after quenching 
but a smooth stress-strain curve, appreciably displaced 
toward higher stress values, if artificially aged at 
100°C (3 to 27 days) before testing. The displacement 
is obviously the consequence of a precipitation harden- 
ing due to carbon, but then the disappearance of the 
yield point must follow a decrease in the quantity of 
carbon in solid solution. The following explanation is 
suggested: The yield-point phenomenon is assumed to 
be caused by Frank-Read sources giving off dislocation 
rings at a lower shear stress (lower yield point) after 
having themselves been created during the faint “pre- 
liminary” deformation when the locking action of 
interstitial atoms raise the critical shear stress (upper 
yield point). In order to give a yield point, these 
secondary dislocation rings must be able to pass over 
their slip plane without being appreciably hindered by 
obstacles, otherwise they will be stopped until the 
shear stress has increased a certain amount over the 
value that was sufficient to activate the Frank-Read 
source. In the case mentioned where the yield point 
had disappeared after aging, finely dispersed carbide 
precipitates acted as such obstacles. (This dispersion 
is probably not identical with that which was proposed 
as a cause for the low transition temperatures.) In 
other words, the strain hardening due to carbide pre- 
cipitates (not solute atoms) sets in at an early point 
and obscures the yield-point elongation. 

It is agreed that the quantity of carbide in Figs. 10, 
12, and 13 should, in principle, decrease on straining 
and aging by the mechanism mentioned by Mr. Tardif. 
However, it has not been possible to verify this micro- 
scopically. Actually, the ferrite is probably so super- 
saturated that it can supply the carbon absorbed by 
the dislocations without dissolving perceptible quanti- 
ties from the carbides. 

4M. Polanyi: Ztsch. fiir Physik (1925) 6, p. 121. 

16H. P. Tardif: To be published. 

16D. V. Wilson: Journal Iron and Steel Inst. (1954) 176, p. 28. 

“J. H. Andrew and E. M. Trent: Journal Iron and Steel Inst. 
k of Physi 

WS. T. Konebeevski: Journal Inst. of Metals (1943) 69, p. 397. 


_*0E. Orowan: Dislocations and Mechanical Properties. Disloca- 
tions in Metals. (1954) Ed. by M. Cohn, p. 69. New York. AIME. 
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Investigation of the Heat Treatment of Commercial Titanium-Base Alloys 


by L. Luini and E. Lee 


DISCUSSION, O. T. Marzke and W. Finlay, 
Associate Chairmen 


D. L. Day and H. D. Kessler (Titanium Metals Corp. 
of America, Henderson, Nev.)—In connection with the 
authors’ discussion of the test results on Ti-150A, the 
discussers would like to clarify several points involving 
the physical metallurgy of this alloy. The authors state 
on p. 583 that “The hardening response of this alloy is 
apparently due to a martensitic type of transformation 
of the 8 phase during rapid cooling.” Recent work at 
several laboratories indicate that the actual quench 
hardening of this type of alloy is associated with super- 
saturated 8 phase which has been masked in the mi- 
crostructures by the martensitic, but soft, «’. The hard- 
ening of the 6 phase on quenching is due either to a 
transition product, p’ formed during the rejection of a, 
or to the actual precipitation of a (the latter mechan- 
ism being associated with lower quenching rates). 

On pp. 586 and 587, the authors discuss a dark etch- 
ing constituent “observed to precipitate from the acicu- 
lar transformed gp” on aging and refer to Fig. 16 for 
evidence. They also refer to the work of Phillips and 
Frey,* who suggested that a dark etching constituent 
they developed in Ti-150A was related to the eutectoid 
transformation. It is not clear as to exactly which 
structures the authors are referring when they dis- 
cuss the “very fine spheroidal particles’ formed at 
“higher temperatures.” Referring to Fig. 16b, there is 
little question but that the fine spheroidal particles in 
the transformed 6 matrix are precipitated a. In the 
same figure, however, are also dark needlelike struc- 
tures and these are quite similar to dark etching phase 
observed by Phillips and Frey. Phase diagram studies 
have shown that the ternary eutectoid reaction is very 
sluggish in both high purity and oxygen-contaminated 
Ti-Fe-Cr alloys,® as the eutectoid could not be identified 
either metallographically or by X-ray diffraction in 
samples annealed below the eutectoid for very long 
times. However, more recent work at the Titanium 
Metals Corp. of America points to the fact that dark 
constituents in Ti-150A similar to those observed by 
the authors is connected with the presence of as little 
as 0.03 pet H. Whether this constituent is a hydride 
phase or the ternary or more complex eutectoid which 
is rejected on short annealing times due to the effect 
of hydrogen on reaction kinetics has not been deter- 
mined. The removal of hydrogen by vacuum treatment 
completely eliminates the possibility of producing this 
constituent. 

Regarding the age hardening response (at tempera- 
tures from 500° to 1000°F) of Ti-150A previously 


quenched at temperatures from 1650° to 1750°F, the 
authors imply that the precipitation of the dark etch- 
ing phase may account for the hardening. The dis- 
cussers would agree if the authors are referring to the 
fine background phase in Figs. 16b and c which have 
been identified as a, but would disagree that the hard- 
ening is due to the needlelike phase which is associated 
with hydrogen. There is little question but that the p’ 
reaction or precipitation of a from supersaturated £ is 
ae responsible for the hardening curves shown in 


L. Luini and E. Lee (authors’ reply)—The authors 
welcome the discussion of Messrs. Day and Kessler of 
the titanium alloy hardening mechanisms and the ob- 
served behavior of the Ti-150A alloy. The heat treat- 
ment work was based primarily on the controlled de- 
composition of the 6 phase through the use of various 
thermal cycles. 

It is likely that quench hardening of the Ti-150A 
alloy is attributable to a transition product defined as 
B’ or to a low temperature p-transformation product 
formed from the alloy-lean g solution treated at high 
temperatures. 

The observation that clear etching 6 phase was asso- 
ciated with quench hardening and the appearance of 
the martensitic acicular structure coincided approxi- 
mately with the attainment of maximum quench hard- 
ening was noted in the paper, p. 583. 

It has been observed in a heat of 7 pet Mn-Ti alloy 
on which isothermal transformation studies were con- 
ducted in addition to continuous cooling studies that 
water quenching resulted in a structure similar to a 
hard low temperature isothermal product. It appears 
that the quenched hardness of these titanium alloys 
depend partially on the low temperature 6 transforma- 
tion products as determined by the alloy concentration. 

The discussers appear to miss the statement, illus- 
trated in Fig. 16, that very fine spheroidal particles 
were described as forming at the lower, not the higher, 
temperatures. Evidently age hardening is related to 
the p’ reaction but not necessarily attributable to 
changes in structure visible with the light microscope. 
It has been observed with a heat of Ti-155AX that aged 
specimens subjected to different temperatures have 
similar structures. Furthermore, structures showing 
very little change on short aging times have similar 
hardness to those having well defined changes with 
long aging times. 


6R. J. Van Thyne, H. D. Kessler, and M. Hansen: System. Ti- 
tanium-Chromium-Iron. Trans. AIME (1953) 197, pp. 1209-1216; 
JOURNAL OF MeTALs (September 1953). 


475°C (885°F) Embrittlement in Stainless Steels 


by A. J. Lena and M. F. Hawkes 


DISCUSSION, W. J. Harris, Jr. and L. D. Jaffe, 
Associate Chairmen 


J. F. Brown and B. J. Connolly (Billingham Div., 
Imperial Chemical Industries Ltd., Billingham, Eng- 
land)—The authors’ postulate of an intermediate body- 
centered-cubic phase of chromium ferrite in the Fe-Cr 
alloys is extremely interesting. A similar chromium 
ferrite has been noted in creep specimens of an 18 pet 
Mo-10 pct Ti Cr-Ni austenitic steel (analysis is given 
- in Table IV) which were tested under a stress of 18.0 tsi 
for over 3000 hr. An optical micrograph of ‘the structure 
of the original fully softened bar from which the creep 
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test pieces were machined is shown in Fig. 16 and shows 
ferrite grains in an austenite matrix. The structure 
of the steel after heating for 3340 hr at 500°C under 
stress is given in Fig. 17 from which it is seen that the 
ferrite phase has retained its original form but has 
become blackened completely. Fig. 18 is an electron 
micrograph showing the fine structure in the ferrite 
grains which causes the blackening. 

The creep specimen was as magnetic as the original 
bar with about 35 pct ferrite, and X-ray reflection ex- 
amination showed that both contained ferrite and aus- 
tenite. The creep specimen was extracted electrolyti- 
cally in 10 pet HCl and gave a nonmagnetic material 
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Table IV. Analyses of 18 pct Mo-10 pct Ti Cr-Ni Austenitic Steel 


Analyses N Cc Si Mn Ss P Cr Ni Mo Ti Fe Residuey 
Original steel n.d.* 0.08 0.56 1.74 0.005 0.021 17.7 9.9 2.84 0.42 n.dt* — 
Extract from 

original steel 0.35 0.3 n.d.* n.d.* 20.8 6.0 4.3 2.5 58.9 6.9 
Extract from creep 
ecimen, 3340 hr 

Bt 500°C 2.0 2.0 n.d.* nid.* n.d.* n.diz 32.9 5.9 12.2 5:2 28.2 11.6 


* n.d. is not determined. 
+ Residue includes oxides, silica, etc. 


Fig. 16—Structure of 
original 18 pct Mo-10 432 
pct Ti steel bar. X500. . 
Area reduced approxi- 
mately 35 pct for re- ~ 
production. 


which X-ray examination showed to be mainly body- 
centered-cubic phase of cube edge 2.878A which is 
identical with that found by Fisher, Dulis, and Carroll’ 
in plain high chromium steels. In addition to the 
body-centered-cubic phases, traces of TiC and TiN 
but no o phase were detected. Extracts from the orig- 
inal bar gave a residue which was mainly a body- 
centered-cubic phase with a cube edge of 2.871A, but it 
was strongly magnetic. Complete chemical analyses of 
the two extracts are given in Table IV. The high chro- 
mium content of the creep extracts is in agreement 
with the high cube edge of the body-centered-cubic 
phase and its nonmagnetic properties. 

The occurrence of this nonmagnetic phase in buth 
this steel and the plain high chromium steels suggests 
that two forms of ferrite may exist at 500°C. One is 
the normal magnetic “8” ferrite which is dissolved 
preferentially during extraction and the other is the 
“nonmagnetic” ferrite which is present in a finely di- 
vided form, having a high chromium content and in gen- 
eral a composition approximating to o phase into which 
it probably transforms. 

The formation of « phase at 500°C was not detected 
even after 8000 hr heating; but, since Heger* has found 
that the high chromium body-centered-cubic phase 
transforms to o after 30,000 hr at 500°C, it is quite pos- 
sible that the phase in this 18 pct Mo-10 pct Ti Cr-Ni 
steel also transforms to o after a very long heat treat- 
ment. It was noted, however, that « phase could be 
produced in this 18 pct Mo-10 pct Ti steel by heating at 
600°C, traces being found in electrolytic extracts after 
only 300 hr heating, while after 8000 hr all the original 
ferrite had been transformed to o. 

The authors are to be complimented on a paper 
which throws considerable light on the reasons for the 
475°C embrittlement in the Cr-Fe alloys. 

A. J. Lena (authors’ reply)—The authors would like 
to thank Messrs. Brown and Connolly for their dis- 


Fig. 17—Structure of 
“fe creep specimen of 18 


— hr at 500°C under 


~ stress of 18.0 tsi. X500. 
Area reduced approxi- 

mately 35 pct for re- 
production. 


Fig. 18—Electron micro- 
graph of creep specimen 
(see Fig. 17). Positive rep- 
lica, shadowed. X5000. 


cussion and consider it a valuable addition to the 
paper. Their work provides further proof that 475°C 
embrittlement is caused by the formation of a chro- 
mium-rich ferrite and it is interesting to see that this 
phase also occurs in the ferrite of duplex alloys aged at 
500°C. Cina and Lavender” earlier had shown by 
hardness measurements that the ferrite in duplex al- 
loys of the 18 pet Mo-8 pct Ti type is susceptible to 
475°C embrittlement and this can now be attributed to 
the formation of chromium-ferrite. , 

There can be little doubt that 475°C embrittlement 
is caused by the formation of chromium-ferrite. How- 
ever, further work is needed to establish the exact rela- 
tionship of this phase to the Fe-Cr system. Another 
point which requires further investigation concerns 
the mechanism of hardening by the chromium-ferrite, 
The authors’ X-ray work indicates very little lattice 
straining, which is consistent with the small difference 
in unit cell size of the two ferrites. 


°6 J. J. Heger: Discussion of ref. 26. Trans. AIME (1954) 200, p. 
663; JouRNAL oF Merats (May 1954). 
27B. Cina and J. D. Lavender: 


Journal Iron and Steel Inst. 
(1953) 174, p. 97. 


Strain Hardening of Latent Slip Systems in Zinc Crystals 


by E. H. Edwards and Jack Washburn 


DISCUSSION, W. A. Backofen and W. M. Baldwin, 
Chairmen 


John J. Gilman (General Electric Co., Schenectady) 
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—The authors are to be congratulated for the simple 
elegance of their experiments. For the first time, they 
have measured, in a straightforward manner, the effect 
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of slip on the behavior of latent slip directions in the 
active slip plane of a crystal. A possible interpretation 
of the results is offered for their consideration. 

The interpretation is based on the original Taylor 
model of strain hardening. According to this model, 
one of the causes of strain hardening is the mutual 
blocking of dislocations that attempt to pass each other 
on nearby slip planes. This leads to local “Taylor rota- 
tions” or “Burger’s local curvatures.” It was possible 
to detect these rotations at small strains by means of 
X-rays and at large strains by microscopic observations 
of cleavage planes in ziric. At small strains the rota- 
tions are partially recoverable at room temperature. 

It is believed that the slip planes of a strained zinc 
crystal are “corrugated” due to the Taylor rotations. 
The ridges and valleys of the corrugations lie perpen- 
dicular to the active slip direction. The corrugations 
are expected to have no effect on the hardness of a 
crystal when the slip direction is changed by 180°. As 
the authors point out, the reduced stress for flow in 
this case is a result of back stresses. On the other hand, 
when the slip direction is changed by 60° or 120°, it is 


expected that slip will be difficult because the “corru- 
gations” cannot move over one another without either 
being destroyed themselves or tending to destroy the 
crystal locally. Thus slip in the new direction will be 
resisted. In other words, the production of “corru- 
gated” slip planes is believed to be inherent in the slip 
process. When the slip direction is changed, new cor- 
rugations tend to be produced which lie perpendicular 
to the new slip direction. It can be readily imagined 
that it is easier to produce new corrugations parallel 
to the old ones (the 180° case), than to produce them 
at an angle of 60° (the 60° and 120° cases). 

Unfortunately, a means for stating this interpreta- 
tion in an explicit fashion has not been found. How- 
ever, it has the virtues that it is a natural consequence 
of the Taylor work-hardening model, and that it can 
be partially tested. Since the “corrugations” are be- 
lieved to favor forward or backward motion over side- 
ward motion, there should be a small but measurable 
strain component in the original slip direction when a 
crystal is stressed in the 60° or 120° direction. 


Effects of Temperature on the Deformation of Beta Brass 


by Charles S. Barrett 


DISCUSSION, W. A. Backofen and W. M. Baldwin, 
Chairmen 

Eric C. W. Perryman (Aluminium Laboratories Ltd., 
Kingston, Ont., Canada; present address, Atomic Energy 
of Canada Ltd., Chalk River, Ont., Canada)—The dis- 
cusser would like to present some results obtained at 
the British Non-Ferrous Metals Research Assn. (Lon- 
don) which support Professor Barrett’s conclusions. 
For this work an Izod impact machine was adapted so 
that an elevated temperature tensile test could be per- 
formed at a very high rate of straining. 


Fig. 7 shows the percentage of elongation as a func- 


tion of testing temperature for an extruded and an- 
nealed binary 6 brass having a grain diameter of 0.4 
mm. It will be seen that the general shape of the curve 
is the same as that shown in Fig. 6 of Professor Bar- 
rett’s paper, except that with the impact tensile test 
the increase in elongation in the temperature range 
500° to 600°C is small, whereas with the impact hard- 
ness test the hardness appears to be decreasing contin- 
uously in this temperature range. Similar results were 
obtained for a cast B brass having a grain diameter of 
3.9 mm, except that in this case no decrease in elonga- 
tion was observed below room temperature. 

Ternary f brasses containing 1 to 4 pct Al were also 
tested. These gave the same type of curves except that 
the rapid increase in elongation occurred in the tem- 


Fig. 7 — Binary 6 
brass extruded and 
annealed. 
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perature range 500° to 600°C. Fig. 8 shows a typical 
curve for a cast 8 brass containing 1 pct Al and having 
a grain diameter of 0.6 mm. Tests were also done on a 
B brass containing 0.8 pct Sn annealed at 800°C and 
quenched in cold water. This material had a grain 
diameter of 4.9 mm. The results for this brass were 
the same as those shown in Fig. 7 except that the in- 
crease in elongation was continuous in the tempera- 
ture range 400° to 600°C and furthermore was not as 
marked as with the binary g brass. With all these dif- 
ferent 8 brasses, the sharp decrease in elongation from 
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Fig. 8—Cast 6 brass 
containing | pct Al. 
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Fig. 9—Cast a brass 
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about room temperature to 400°C is in part due to 
intercrystalline cracking; in fact at 300° to 400°C for the 
binary and tin-bearing f brass and 300° to 500°C for 
the aluminum-bearing 8 brass, the fracture was entirely 
intercrystalline. 

Professor Barrett’s suggestion that the rapid increase 
in ductility is because of the order-disorder transfor- 
mation is supported by the fact that no such increase 
in ductility was observed for an a brass containing 5 
pet Al, see Fig. 9. In view of the foregoing results on 


the tin-bearing and aluminum-bearing £ brasses, it 
would be interesting to see if the order-disorder trans- 
formation temperature was unaffected by tin and in- 
creased by aluminum. 

These results confirm Professor Barrett’s observa- 
tions that the ductility of 6 brasses decreases as the 
testing temperature is reduced below room tempera- 
ture. The fact that this decrease is observed both with 
ea and g brasses suggests that this effect is independent 
of crystal structure. 


Quantitative Substructure and Tensile-Property Investigations of Nickel Alloys 


by Betsy Ancker and Earl R. Parker 


DISCUSSION, W. A. Backofen and W. M. Baldwin, 
Chairmen 


R. W. Guard (General Electric Co., Schenectady )— 
While this paper covers work in a very important field, 
there are several critical questions which it leaves 
unanswered. A great number of problems arise in 
work on substructure because of difficulties in experi- 
mental technique. A more detailed account of the 
method of X-ray microscopy used would have allowed 
a more critical evaluation of the results. In particular, 
would the authors care to comment on the following? 

1—Was there any difficulty due to overlapping re- 
flections? 

2—What is the effect of the fact that all subgrains 
with large angular differences from the original grain 
will not give a reflection near the spot corresponding to 
the original grain? 

3—Are Figs. 12b and 12c typical of the X-ray micro- 
graphs obtained? If so, don’t they tend to emphasize 
large subgrains to the exclusion of small ones? 

4—Since subboundaries having very small angular 
differences (<0.10°) are known to have important ef- 
fects in zinc, how would the authors’ conclusions be 
affected by the fact that their method will not resolve 
such differences? 

Several alternative propositions may be made to the 
interpretation of the results. Since the distribution of 
boundaries is rather heterogeneous, the use of large 
samples, particularly when such a large number of 
zero values are obtained, may lead to erroneous re- 
sults. A reading of zero does not mean zero but means 
only no boundaries within the limits of the method, 
which, according to items 2 and 4 given previously, 
may exclude quite a large number of subgrains. It is 
also possible that, in the case of such a nonhomogene- 
ous process as deformation of polycrystalline metals, the 
mean, mode, or median values have little importance 
and that the properties are governed by the extreme 
values (high or low) of the distribution. 

The application of the Suzuki mechanism to the re- 
sults seems to be appropriate, but it should be pointed 
out that Suzuki did not show that high concentrations 
existed in faulted regions; he simply assumed that such 
regions did exist and calculated their strengthening 
effect. Proof of the existence of such concentration 
differences remains to be shown, and indeed, would 
be difficult. The postulate of Cottrell atmospheres in 
Ni-Ti alloys should give a strong temperature depend- 
ence to the yield point as compared to the Suzuki at- 
mospheres in Ni-Co alloys. Such data would constitute 
stronger proof of the postulate than Fig. 13. 

The lines in Fig. 18 are drawn to indicate zero flow 
stress for zero substructure. All of the results are 
contrary to this, and the figure thus conveys a misrep- 
resentation of the results. 

In view of the difficulties attendant in separating 
effects of subboundaries and the effect of distributed 
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dislocations, it is very desirable to emphasize the tenta- 
tiveness of conclusions 5 and 6. Proof of these conclu- 
sions will require data on a large number of systems 
taken specifically for that purpose. 


Eric C. W. Perryman (Aluminium Laboratories Ltd., 
Kingston, Ont., Canada; present address, Atomic Energy 
of Canada Ltd., Chalk River, Ont., Canada)—This 
paper, besides being of theoretical interest, is extremely 
interesting from the practical point of view. However, 
the discusser would like to raise a few questions on this 
paper and then to present some results which in a 
qualitative way give support to some of the authors’ 
conclusions. 

The authors state that their starting material was 
forged and swaged and then annealed at 1150°C for 
Y hr. After this treatment, were the materials fully 
recrystallized? From Table I it would appear that all 
the alloys after this initial anneal contained subgrains. 
Although subgrains have been observed in the center of 


large grains formed by annealing a lightly strained 


material, as far as the writer is aware there is no posi- 
tive evidence for subgrains in heavily worked and re- 
crystallized material. He has tried te find subgrains 
in fully recrystallized aluminum but have never been 
successful. If, however, the authors’ starting material 
was in fact in some recovered state, then this makes 
the interpretation of their results much more difficult. 
It is well known that during recovery the rate of 
change of properties of the cold-worked metal is rapid 
at first and then slows down with increasing annealing 
time. Recent work” has indicated that during this 
recovery period dislocations are redistributed and the 
subgrains become more perfect, the maximum in per- 
fection being reached when the hardness or the X-ray 
half-peak breadth has become constant. Could the 
authors say on what part of the recovery curve their 
anneal of 1 hr at 800°C fell? 

From the appearance of the X-ray micrographs in 
Fig. 12, it would appear that the subgrains in Fig. 12b 
are far from perfect, i.e., not strain free. It is not clear 
from the paper whether Fig. 12a is from the material 
before prestrain or whether this subgrain was formed 
by annealing prestrained material at 1150°C. If it is 
the latter, then it would seem that these subgrains are 
more perfect than those formed after annealing at 
800°C for 1 hr, and so from the authors’ discussion it 
would be expected that the material annealed at 
1150°C would have a higher flow stress than that an- 
nealed at 800°C. Did the authors do any measurements 
after annealing prestrained material at 1150°C? Com- 
paring Fig. 12b with 12c, it would seem that the sub- 
grain size directly after straining was almost the same 
or slightly larger than that after annealing at 800°C. 
This is in contradiction to the discusser’s results on 
aluminum” and suggests that the annealing treatment 
of 1 hr at 800°C was not sufficient to produce perfect 
subgrains. Although no magnification is given for Fig. 
12, it would seem that the subgrain size directly after 
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Fig. 19—Effect of magnesium on subgrain size after complete re- 
covery, 20 pct cold work and annealed at 250°C for 1 hr. 


straining is considerably larger than that reported by 
Gay and Kelly.*. From Table I the subgrain size in 
nickel strained 2 pct and recovered at 800°C is about 
100 microns which is about 20 times larger than that 
reported by Gay and Kelly." Would the authors com- 
ment on this large difference? 

During an investigation on the effects of magnesium 
on the recovery of superpurity aluminum by metal- 
lographic examination, the subgrain size has been de- 
termined after complete recovery. By this is meant an 
anneal such that the hardness and X-ray half-peak 
breadth have fallen to a steady value and recrystalli- 
zation has not commenced. Fig. 19 shows the number 
of subgrains per square centimeter as a function of 
magnesium content. This appears to be very similar 
to the authors’ curve for the Ni-Co alloys. If it is 
assumed that during recovery dislocations climb out of 
their slip plane, some become annihilated, and others 
become blocked at subgrain boundaries, then the hard- 
ness of the recovered material minus that of the recrys- 
tallized material will represent the residual work hard- 
ening. If this is done, it is found that, for a given 
amount of cold work, the residual work hardening for 
the different Al-Mg alloys is almost constant. Similarly 
if the authors’ results are taken, it is found that the 
difference between the flow stress for 1 pct prestrain 
and the as-annealed value at a given strain is about 
2500 psi for all the different materials tested. This 
strongly suggests that subgrain size alone has no major 
effect on mechanical properties. In another investiga- 
tion,” it has been found that the recovered hardness 
value decreases slightly while the subgrain size in- 
creases slightly with increasing annealing temperature. 
This suggests that subgrain size may have a small 
effect on mechanical properties or that, with increasing 
annealing temperature, the residual density of lattice 
defects decreases. 


D. McLean and A. E. L. Tate (National Physical Lab- 
oratory, Dept. of Scientific and Industrial Research, 
Teddington, England)—The discussers would like to 
draw attention to some similar work” in which the 
effect of a subcrystal structure on mechanical proper- 
ties was measured. The metal used in this work was 
aluminum and the subcrystal structure was produced 
by hot rolling or by creep. To summarize the relevant 
results quite briefly, they showed that a subcrystal 
structure increased the 0.1 pct proof stress very con- 
siderably (up to about ten times) but had a much 
smaller effect on ultimate tensile strength or hardness. 
This was regarded as understandable, since, although 
the subboundaries could be expected to have an im- 
portant effect at the start of plastic deformation, they 
should cease to be a significant factor after extensive 
deformation. Miss Ancker and Professor Parker, in 
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their more detailed investigation, also find that a sub- 
crystal structure raises the stress level at the beginning 
of deformation. They find this in a different pure metal 
than the discussers used and, in addition, in two alloys. 
Considering also the theoretical plausibility of the 
effect, it may be reasonably supposed to be general. 


B. Ancker and E. R. Parker (authors’ reply)—The 
authors wish to thank Dr. Guard for his detailed 
analysis of this paper and the questions he has asked 
regarding the data and its interpretation. 

It must first be re-emphasized that the experimental 
method employed in these investigations is not an ab- 
solute one but is relative. The accuracy of the relative 
data was severely tested and found to be completely 
satisfactory as described in the text. A detailed de- 
scription of the X-ray method is found in Barrett as 
footnoted in the text.? Arbitrarily, the following con- 
ditions were chosen: focal spot to specimen, 53 cm, 
specimen to photographic plate, an average of 1 mm. 
The full focal spot of the X-ray tube, approximately 
2mm, was utilized for convenience. 

1—Grains which happened to have overlapping re- 
flections on the photographic plates were disregarded 
and data were recorded from over 100 grains per speci- 
men whose subgrains could be clearly counted. Since 
the grains to be observed were arbitrarily chosen in 
the first place, disregarding overlapping reflections in 
no way affected the results. 

2—In general the reflections from various individual 
grains were widely separated (on a microscopic scale) 
from those of other grains (generally only about 20 
grains reflected at once) and thus it was easy to detect 
all the reflections belonging to a certain grain. If there 
was any doubt, as explained under 1, the data from 
such grains were not used. 

3—Fig. 12c is not typical of the micrographs used in 
the quantitative investigation, since all the deformed 
specimens were recovered at 800° or 1150°C as indi- 
cated in the text. Figs. 12a and 12b are typical and the 
subboundaries indicated there can be counted readily. 

4—_The effect of subboundaries of smaller angles 
than can be resolved by the method used in this re- 
search is the subject of a current investigation on the 
same materials by Dr. Sigmund Weissmann, Rutgers 
University. Topology indicates that the various com- 
position polycrystalline aggregates which undergo the 
same strain develop the same number of dislocations. 
In the case of the cobalt alloys, these dislocations do 
not collect readily into boundaries of more than 10’. 
Thus, as stated in the text, the increase in strength 
cannot be correlated with the increase of such sub- 
boundaries. Results will be published shortly relating 
density of subboundaries of smaller angle with tensile 
strength. 

The distributions of subboundaries for specimens of 
identical history were proved by statistical methods to 
be the same (see “Analysis of the Substructure Data’’), 
i.e., it was proved that various samples (information 
taken from different photographic plates) from one 
specimen or from specimens of identical history all 
came from the same distribution. Therefore, Dr. 
Guard’s objection about the use of large samples of 
the distributions is invalid. It is true that the distribu- 
tions are truncated; a zero reading means no sub- 
boundaries of 10’ or more, rather than none present. 
The validity of using the mean, mode, or median as a 
comparative tool is altogether justified, however, since 
significant differences are observed for specimens of 
different strain histories. Here again the Wilcoxon test 
was applied and showed conclusively that specimens of 
different histories had different distributions. In any 
case, the properties are not governed by the extreme 
values of the distribution; rather, properties may be 
predicted from the mean, mode, or median of the dis- 
tribution. 

The authors certainly agree with Dr. Guard that the 
data presented in this paper do not constitute proof of 
the concentration of foreign atoms in faulted regions. 
No series of experiments on yield strength at the mo- 
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ment appears feasible as a means of differentiating the 
effects of Suzuki vs Cottrell atmospheres. 

Concerning Fig. 13, whether the lines should be 
drawn through the zero point or somewhere near it is 
immaterial. The graph is only meant to emphasize the 
striking difference between the relationship of sub- 
structure density and flow stress for the different al- 
loys. The implications are fully described in the text. 

In reply to Dr. Perryman’s comments concerning the 
location of the 800°C temperature on the recovery vs 


temperature curve, the authors did not make a com- 
plete survey over the entire temperature range and 
consequently cannot answer the question. Since some 
substructure remained even after the 1150°C treat- 
ment, it is evident that the material had not completely 
recrystallized even at this high temperature. 


10. C. W. Perryman: To be published. 

uP, Gay and A. Kelly: Acta Crystallographica (1953) 6, p. 168. 

12D. McLean and A. E. L. Tate: Révue de Métallurgie (1951) 48, 
No. 10, p. 765. 


Stress-Strain Characteristics and Slip-Band Formation in Metal Crystals: 
Effect of Crystal Orientation 


by F. D. Rosi 


DISCUSSION, W. A. Backofen and W. M. Baldwin, 
Chairmen 


M. S. Paterson (Dept. of Geophysics, Australian Na- 
tional University, Canberra, Australia)—The discusser 
was particularly interested in Dr. Rosi’s paper, having 
just completed some similar experiments on high 
purity (99.999 pct) copper when it appeared. It is 
therefore interesting to compare the results in the light 
of some differences in the experimental details. 

In Fig. 24 are some of the tensile stress-strain curves 
for copper from Rosi’s paper and the discusser’s re- 
sults for copper crystals of similar orientations. Curve 
53, the only one that Rosi gives for 99.999 pct Cu, can 
be compared to curves 69 and 89 for similar orienta- 
tions. A further comparison can be made between the 
effect of crystal orientation on the stress-strain curves 
for Rosi’s 99.98 pct Cu (Nos. 41, 37, and 34) and for the 
discusser’s 99.999 pct Cu (Nos. 87, 84, and 69, respec- 
tively). 

The initial region of low strain hardening, or “easy 
glide,’ for orientations near [110] is of much greater 
extent for Paterson’s crystals, in spite of Rosi’s con- 
clusion that higher purity crystals show a smaller re- 
gion of easy glide and the fact that the ends of the 
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Fig. 24—Comparison of tensile stress-strain curves for copper given 
by Rosi and results for copper crystals of similar orientations found 
by Paterson. 
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crystals were rigidly gripped, thus preventing accom- 
modation of the lattice rotation. However, Paterson’s 
specimens were of 1.5 mm diam, compared to 9.5 mm 
diam for Rosi’s, and it seems likely that the longer 
region of easy glide in these crystals is related to their 
smaller diameter. It is also interesting to note that 
the curve reproduced in Fig. 24 from Lange and 
Liicke’s measurements” on high purity aluminum for 
an orientation near [110] was obtained from a crystal 
of 1.5 mm diam and shows a very extensive region of 
easy glide. 

The suggestion that a crystal of smaller diameter 
will show more extensive easy glide favors the idea 
that in the region of easy glide most dislocations pass 
out of the crystal and so do not contribute to the hard- 
ening,” since in a larger crystal there would be a 
greater chance of a dislocation meeting an obstacle 
(e.g., a dislocation on another plane) during its pass- 
age through the crystal. Further, this effect of di- 
ameter would invalidate Rosi’s comparison of his re- 
sults with those of Lange and Lucke and throw doubt 
on his conclusion that low melting point (or high test- 
ing temperature) is favorable to easy glide, a conclu- 
sion that is in contradiction to that of Andrade and 
Henderson." 

The discusser’s observations of slip markings on the 
electropolished surfaces of the crystals corresponded 
in general to Rosi’s photographs. However, in contrast 
to Rosi’s conclusion, he found that crystals with orien- 
tations far removed from the [100]-[111] line showed 
the least tendency to clustering of slip lines; the slip 
in such crystals was very uniform. On the other hand, 
crystals oriented near [100] or [111] showed very 
marked clustering of the slip lines, with traces of slip 
on other planes occurring preferentially between these 
clusters. Crystals oriented near [110] also showed 
many kink bands, as Rosi observed, when the ends of 
the crystals are constrained from rotation. 

Further details of these experiments will be pub- 
lished. 

F. D. Rosi (author’s reply)—The size effect, discussed 
by Dr. Paterson, on the region of low strain hardening 
is most interesting and not unexpected. In this con- 
nection, however, it would be of further interest to 
know whether there is a size effect on the value of 
critical resolved shear stress for flow. Assuming other 
things constant, a larger region of low strain harden- 
ing with a greater critical resolved shear stress can be 
expected. 

Another factor in considering a size effect based on 
a comparison of available data is the method used in 
producing the single crystals. In the present work, the 
crystals were produced from the melt, whereas the 
author presumes that the wire crystals used by Dr. 
Paterson were produced by the strain-anneal tech- 
nique. Existing data do suggest that the two tech- 
niques could result in significant differences in both 
the density and distribution of dislocations. 
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Regarding the reference to the appearance of slip 
bands, it was brought out in the paper that the effect 
of crystal orientation on clustering of slip bands was 
studied only in crystals exhibiting slip on a single 
primary system (Fig. 19 of the paper). The clustering 
of slip bands for crystals near to 
which Dr. Paterson refers also was observed in the 


present work (Figs. 16 and 17). It must be remem- 
bered, however, that the clustering in these crystals 
is closely related to the nature of secondary slip- 
band development. 


Lange and K. Lticke: Strérungen der Gleitung bei Alumi- 
niumeinkristallen-I. Ztsch. fiir Metallkunde (1953) 44, pp. 183-191. 


Solubility of Oxygen in Alpha Iron 


by A. U. Seybolt 


DISCUSSION, S.C. Carapella, Jr. and B. D. Cullity, 
Chairmen 


N. A. Gokcen (Michigan College of Mining and Tech- 
nology, Houghton, Mich.)—Total oxygen contents re- 
ported in this paper do not necessarily represent the 
dissolved oxygen in a iron for at least two reasons: 

1—The oxygen combined with aluminum, calcium, 
chromium, magnesium, manganese, silicon, titanium, 
and vanadium would be 0.0055 pct rather than 0.003 
pet estimated by the author if it is assumed, as on p. 
642, that all of the “oxygen-avid” elements in the iron 
used are present in half the maximum amount reported 
in Table I. Since it was shown by Kitchener et al. 
that manganese at small concentrations is oxidizable, 
then the choice of preceding elements as “oxygen-avid” 
is reasonable. Further, the oxides of these elements 
may dissolve or combine with FeO as indicated quali- 
tatively by Kitchener et al. 

2—The surface area to weight ratio is high for the 
thin strips used in this investigation. Therefore, the 
surface oxygen content is of the order of 0.003 pct as 
calculated by using the results of Sloman and Rooney.” 


A. U. Seybolt (author’s reply)—The following reply 
is numbered according to the numbered issues raised 
by Dr. Gokcen: 

1—On checking the arithmetic, it is found that Dr. 
Gokcen’s figure of 0.0055 wt pct O is correct. However, 


this kind of estimate is not of great value, since the 
amounts of the impurities present are not known with 
sufficient precision. 

More significantly, the fact that the log solubility— 
1/T plot is linear within the experimental error of 
about +0.003 wt pct O indicates that there must be a 
real solubility which is not in error by more than 
about this amount. Now, if the real solubility were in 
error by a constant amount of 0.006 pct, as implied by 
Dr. Gokcen, this amount would have to be added to 
each experimental point, thus resulting in a nonlinear 
plot. 

In addition, as demonstrated in the paper entitled 
“Precipitation of Iron Oxide from Alpha Fe-O Solid 
Solutions,” iron oxide dissolves or precipitates, de- 
pending upon heat treatment, according to metallo- 
graphic evidence. 

2—The figure quoted here for the surface oxide 
(0.003 pet) picked up by pickled iron from air at room 
temperature agrees well with an estimate by Gulbran- 
sen,” whose figure was 30A of iron oxide. This last 
turns out to be about 0.002 pct O. These estimates fall 
within the stated uncertainty of the oxygen analysis, 
+0.003 pct. 

7H. A. Sloman and T. E. Rooney: Journal Iron and Steel Inst. 
(1943) 148-II, pp. 327p-340p. 

is A. U. Seybolt: Trans. AIME (1954) 200, p. 979; JouRNAL oF 


Merats (September 1954). 
19 EK. A. Gulbransen: Private communication (1954). 


Metallographic Study of Equilibrium Relationships in 3S Aluminum Alloy 


by Philip R. Sperry 


DISCUSSION, S. C. Carapella, Jr. and B. D. Cullity, 
Chairmen 

J. O. Lord (Ohio State University, Columbus, Ohio) 
—The author presents some interesting comments and 
excellent micrographs of the structural constituents 
found in the 3S alloy. The interpretation of the struc- 
tures of the alloys as-cast and cooled at various rates 
seems quite satisfactory and well in keeping with pub- 
lished phase diagrams. 

The reheated structures with eutectic areas depleted 
in solute material present a controversial problem. 
This condition well may be likened to eutectoid pat- 
terns in low carbon steels and particularly in abnormal 
steels where carbide particles seem to withdraw from 
cooperative association with the matrix. 

In the ease of the 3S alloy, the depletion of the eu- 
tectic aluminum undoubtedly takes place on original 
casting as indicated in Fig. 13. However, is it not pos- 
sible that this depletion is best explained by the sec- 
ond solid phase in the eutectic acting as nucleating 
material to prevent supersaturation of the solution in 
its immediate vicinity? For this to happen, it is only 
necessary to postulate a moderate rate of diffusion of 
the solute in the solid solution near its melting tem- 


perature. 
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P. R. Sperry (author’s reply)—It is satisfying to have 
acceptance of the concept that the precipitate distribu- 
tion directly reflects the solute distribution in the cast 
structure before heating. Some of the statements in 
the literature imply that certain areas are clear of 
precipitate because of diffusion during reheating. On 
the basis of the present evidence this is not so. 

Professor Lord’s comment on the depletion of the 
eutectic aluminum suggests that supersaturation occurs 
in the primary aluminum but not in the eutectic alu- 
minum due to the nucleating effect of the second phase. 
So far, the evidence does not indicate that supersatura- 
tion occurs and certainly not to the extent that is in- 
dicated by the precipitate pattern. Admittedly, the 
evidence is far from conclusive but it can be pointed 
out that this same type of precipitate pattern can be 
found in other aluminum alloy systems where the di- 
vorced type of eutectic is present but where super- 
saturation is even less likely to occur. 

A better picture of the actual growth mechanism in 
divorced eutectics is needed, but it appears that the 
second phase is nucleated and grown at some distance 
from the dendrite faces on which the eutectic alumi- 
num forms. This, of course, is the reason for the coarse- 
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ness of these structures as compared with a pure 
binary eutectic. As the solid phases form, the liquid 
itself is either enriched further or remains quite rich 
in alloying elements. This is what the eutectic valley 


depicts. Therefore, it is difficult to see why there 
should be less supersaturation in the eutectic aluminum 
than in the primary, if supersaturation does occur 
at all. 


Determination of the Self-Diffusion Coefficients of Gold by Autoradiography 


by Harry C. Gatos and Anthony D. Kurtz 


DISCUSSION, J. H. Keeler and R. W. Baluffi, Chairmen 


Paul G. Shewmon (Carnegie Institute of Technology, 
Pittsburgh)—The authors have developed a new and 
potentially very useful technique for the determina- 
tion of distance-concentration curves in diffusion 
studies. If this technique is to be developed to its full 
potential, some correction must be made for radiation 
which comes from relatively large distances away from 
the point of observation. In their paper the authors 
give a correction factor which, in their opinion, cor- 
rects for this undesired radiation. The discusser would 
like to point out what he believes to be errors in the 
derivation of their correction factor,* and to discuss 


* This derivation was not published but was kindly sent to the 
discusser by the authors. 


the effect of this on the applicability of the technique. 

In their derivation, the authors take the intensity at 
a point on the sectioned surface, at a distance K from 
the original interface, to be 


I= exp (—2x’/4Dt) exp [—u(x—K)] dx. [12] 


In this equation x is the distance from the original 
interface in the direction of diffusion, L is the range of 
the 6 particles, u is the linear absorption coefficient for 
the 6 rays, A is a constant independent of x and K, D 
is the diffusion coefficient, and t is the time. 

Eq. 12 considers radiation coming only from a cyl- 
inder directly behind the point P on the surface. Act- 
ually, the radiation recorded on the film at the surface 
point will come from an entire hemisphere of metal 
whose radius is L and whose center is at p. Not only 
will the radiation come from this larger volume in- 
stead of the cylinder considered in Eq. 12, but the con- 
centration of the radioactive isotope will vary from 
point to point on any given hemispherical shell due to 
the concentration gradient in the specimen. One way 
of setting up this new integral for the intensity is 


T COS K]? 
4 Dt 


exp (—ur) sin¢gcos¢d¢dr. [13] 


The origin is now taken as the cut surface, not the orig- 
inal interface, and ¢ is the polar angle defined so that ¢ 
is zero in the diffusion direction. 2x r’ sin ¢d ¢ dr is the 
volume element in spherical coordinates, and cos ¢/?7* is 
proportional to the fraction of the 6 particles emanat- 
ing from the given volume element which hit the ele- 
ment of area taken as the origin.* It is assumed that 


*The discusser would like to thank R. H. Condit for bringing 
this last term to his attention. 


the base of the hemisphere is parallel to the original 
interface (¢ = x/2), not the cut surface. This assump- 
tion simplifies the integral considerably and introduces 
a very small error. 

In the authors’ work with Eq. 12, they make use of 
the expansion 


exp (—z) 
Zz 
where erf (z) = f* exp (—2*) dz. 
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The correct expansion for large z is® 


exp (—z’) 
erf (Zz) = \/n/2 ———_—__.. [15] 
The important point is that for large z, erf (z) varies 
not as exp (—z), but as exp (—z’). It is the use of Eq. 
14 which makes the authors’ correction factor vary as 
exp (—bK) instead of exp (—bkK”). 

Finally, the authors take their evaluation of Eq. 12, 
obtained by using Eq. 14, and use it as an additive cor- 
rection factor to the true solution, i.e., concentration = 
A exp (—K’/4Dt). The reasoning involved in this is 
not at all clear to the discusser. Actually, Eq. 12 gives 
this true solution times a multiplicative correction fac- 
tor, provided Eq. 15 is used for the expansion of erf 
(z). This solution of Eq. 12 is 

a exp (—K’/4Dt) 
[16] 


K 
+ 


2\/Dt 
which is similar to the solution given on p. 669, Eq. 20. 
For the case of gold, the correction term used by the 
authors is negligible. To see if the effect of radiation 
coming from distant points is actually negligible, Eq. 
13 must be evaluated. If the exponential terms in Eq. 13 
are grouped together, the equation becomes 


[2 L 
T°? COS’ 


( —2Kr cos ¢ ) eee | 17] 
_ — ur r 
4Dt 


The factor in front of the brackets is the variation of 
concentration with t and K which results from diffu- 
sion. The term inside the brackets is a function, here- 
after called F (K, Dt,u), which relates the local con- 
centration to the observed intensity. 

The integration over ¢ in F can be avoided by using 
the definition of an average value. The integrand of 
F is zero at ¢ = 0, and it is continuous and monotonic, 
increasing at all values of ¢ in the range of 0=¢<a/2. 
If f (x) is continuous and monotonic, increasing in the 
range a=xb, then 


a 
f =f [18] 


where h is a unique number, and a<h<b. Therefore, 
there is a unique value of ¢, hereafter called 6, which 
can be substituted in the integrand of F to take the 
place of the difficult integration over ¢. A graph of the 
integrand of F vs ¢ shows that ® =x/4 is a reasonable 
value to assume. The exact value taken does not 
change the final result appreciably, since the function 
F varies slowly with cos ¢ in this range. 

To integrate over 7, let y= (r cos &) / (2 \/Dt) 
where U = K/2\/Dt + »\/Dt/cos These substitu- 
tions give 

exp (U2) fee exp (—y?’) dy. [19] 


Since the range of the g particles is small compared 
to the dimensions of the specimen, L can be set equal 
to infinity. The evaluation of Eq. 19 is then carried 
out, using Eq. 15 to approximate the expression erf 
(y). (The error introduced in this approximation is 2 


TRANSACTIONS AIME 


pet.) The following is finally obtained 


Cc 
[20] 
U K u\/Dt 


2\/Dt cos & 


where C is a positive constant independent of K. 

In order to use this new correction factor, F, in diffu- 
sion work, it would be plotted and used to convert the 
intensities to concentration. In their work the authors, 
in effect, took the concentration to be proportional to 
the intensity (since their correction factor was negligi- 
ble). To check this, Eqs. 20 and 17 are combined to give 


( I) ) 


il K 

cos & 


The term in the inner bracket is the contribution of 
F (u,Dt,K) to the experimentally determined slope 
and can be seen to go to zero for sufficiently large u 
or K. The application of Eq. 21 to the authors’ data 
using = 400 ¢ = x/4 or x/3, and Gal 
or 4.5x10° cm leads to the following conclusions: 
1—The variation of the correction factor with © be- 
tween and — x/3 is only a few percent. 
2—The correction factor varies from 15 to 2 pct as K 
increases from 0.01 to 0.07 cm. If K = 0.03 cm, the cor- 
rection to the slope averages out to 3 to 4 pct. This 
correction makes the D’s reported 3 to 4 pct smaller 
than the true values. However, a correction of 4 pct 
in the reported values of D is less than the probable 
error of the work so this change is unimportant. 


3—Different values of \/Dt were probably used at 
high and low temperatures. This would not change the 
correction factor by more than a few percent. There- 
fore, the fact that the heat of activation AH, as deter- 
mined in this work, is lower than the AH of earlier 
workers could not be explained in this way. 

If this technique is used in the future with the more 
common metals, the range of the 6 particles will prob- 
ably be greater, i.e., w will be smaller. If the reasonable 


value of u = 100 cm” is used in Eq. 21 with \/Dt = 
10° cm, the correction to the experimentally measured 
D ranges from 5 to 50 pct. Therefore, the use of the 
correction factor described here will be mandatory if 
accurate data is to be obtained. 

J. E. Reynolds (Battelle Memorial Inst., Columbus, 
Ohio)—The authors have drawn some conclusions based 
on their work with Au”* which are not in agreement 
with observations made by the writer in work with Ni®. 

The authors have presented a rigorous treatment 
(Eq. 3) for correcting the surface intensity for any 
additional intensity contribution from subsurface radio- 
active atoms. This treatment utilizes the linear absorp- 
tion coefficient (u) for the 6 rays emitted. 

It is established” ® that the average angle of deflec- 
tion of g particles on traversing thin layers of the 
absorber varies with the absorber thickness. This fact 
leads to the conclusion that, for diffusion specimens 
where the radioactive layer is thin and the thickness of 
the layer (which also is the absorber) varies, the 
amount of backscattering and, hence, the adsorption 
coefficients are also variables. This makes it very diffi- 
cult to determine reliable absorption coefficients for 6 
particles for diffusion studies. 

The authors have stated also that autoradiography 
under proper conditions provides an accurate and con- 
venient method for determining diffusion coefficients. 
They further delineate the “proper conditions” based 
upon their observations with Au™ by stating that: 

1—The isotope to be used as a trace must emit 8 
rays of sufficiently low energy so that their range is an 
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order of magnitude less than the diffusion distance. 

2—The isotope must have a sufficiently long half life 
so that fairly long diffusion distances may be obtained 
before its radioactivity is decayed to impractically low 
levels. 

The writer has unsuccessfully attempted to use the 
autoradiographic method for studying the self-diffusion 
of nickel in pure nickel using Ni® (half life, 85 years) 
which emits a 6 particle of 0.063 mev. This isotope 
meets the two requirements listed previously (i.e., high 
absorption of 6 particles and long half life) but was 
not amenable to the autoradiographic treatment be- 
cause the absorption was too great. It is recognized that 
a higher specific activity of the isotope would counter- 
act high absorption slightly, but it appears from the 
foregoing that the usefulness of the autoradiographic 
method, insofar as 6 emitters are concerned, is limited 
to isotopes and absorbers with an optimum absorption 
behavior. On the one hand, high absorption is desirable 
so that the radiation will be more indicative of the 
activity of the sectioned face of the specimen, while the 
other conflicting factor is that the absorptivity must 
not be so great that registration on a photographic film 
is prevented, 

H. C. Gatos and A. D. Kurtz (authors’ reply)—In 
determining the self-diffusion coefficients of gold by 
autoradiography, the correction for radiation originat- 
ing away from the surface is negligible. The authors 
agree with Mr. Shewmon, however, that the correction 
factor which appears under Eq. 3 in the paper should 
be modified in order to become generally applicable. 
Following is the derivation of a correction factor 
which the authors believe meets with the require- 
ments of a general case: 

Introducing the parameter shown in Fig. 2 of the 
paper, y is the distance along original interface, x is 
the diffusion distance, « — y tan a is the actual absorp- 
tion length for 6 rays and for small a sectioning angles, 
and I is the intensity of radiation. 


Assuming the Johnson solution of Fick’s law 
In 
exp (—x°/4Dt [23] 
\/4nDt 
where I, is constant, the following is obtained 
I(y) exp (uy tan a) 
Is \/4nDt 


1b exp (—2’/4Dt — ux) dx. [24] 


tan a 


Completing square in the exponent gives 


I(y) exp (wy tana + w*Dt) 


In \/4nDt 
tang CXP (— °/4Dt — wx — w*Dt) dx. [25] 


y tana 
+ w/Di), Z = ( —- + 
\/4 Dt \/4 Dt 
I (y) 


and rearranging the limits of integration ~- 


0 


exp (uy tan a + Dt) exp (—z’*) dz— 


x 


Letting z= ( 


exp 2 | dz: [26] 


By integrating, the following is obtained 
ex tan 


I (y) 
2 


This expression for erf (z,) may be expanded for large 
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values of z, to give 
I (y) exp (—y’* tan’ a/4 Dt) 
(40 2%)” 


(22%)? 


Neglecting all but first powers of z, 


I (y) —(y tan a)* 1 
In = — ——I]n (4x 2z,): 29 
4Dt 
ytana 
For values of 
I (y) (y tan a)? 1 y tan a 
1 4 Dt 2 u Dt 


+ constant [30] 
and the slope of a plot of In I(y)/I, vs (y tana)’ be- 


comes 
Sl ome € ) [31] 
ope = 
4 Dt wy tan a 


The absolute value of the slope is thus larger than 
¥, Dt and dependent on y, but at sufficiently large 
values of (uytana) the correction becomes negligible 
and the slope is a constant. By including second-order 
terms in the expansion, even more rapid convergence 
is assured. 

Regarding Dr. Reynolds’ comments, the authors be- 
lieve that the autoradiographic method, insofar as B 
emitters are concerned, is not necessarily limited to 
isotopes and absorbers with an optimum absorption 
behavior. For a given isotope-absorber system, the 
optimum autoradiographic conditions are greatly de- 
pendent upon the specific activity of the p-ray emitting 
isotope. 


6L. Milne-Thomson and L. Comries: Standard Four-Figure Math- 
ematical Tables. (1931) p. 211. London. MacMillan. This can also 
be derived by applying integration by parts to the integral in the 
expression. 


erf (z) = VWr/2 — (1/x) exp dz. 


7J. A. Crowther and B. F. Schonland: Proceedings Royal Soc. 
A (1922) 100, p. 526. 

8S. Glasstone: Sourcebook on Atomic Energy. 
New York. D. Van Nostrand Co. Inc. 


(1950) p. 165. 


An Examination of the Decrease of Surface-Activity Method of Measuring 
Self-Diffusion Coefficients in Wustite and Cobaltous Oxide 


by R. E. Carter and F. D. Richardson 


DISCUSSION, J. H. Keeler and R. W. Baluffi, Chairmen 


C. Ernest Birchenall (Princeton University, Prince- 
ton, N. J.)—The authors of this paper are to be warmly 
commended for several important contributions. It 
seems to the discusser that this is the first time that a 
satisfying mechanism has been associated with the 
concept of surface trapped atoms. There may be an- 
other mechanism of trapping for crystals, which con- 
form closely to some fixed composition, by means of 
which atoms (even atoms of the same kind as one of 
the elements in the compounds) may be quite insoluble 
and may exchange too slowly to fulfill the customarily 
assumed boundary conditions. But the formation of 
surface crystallites would apply for the larger range 
of solid materials which are somewhat tolerant of com- 
position variation. 

The diffusion coefficients for cobalt in cobaltous oxide 
and the oxygen pressure dependence should be very 
useful in investigating the mechanism of cobalt oxida- 
tion. The agreement between sectioning and surface- 
activity methods for diffusion in rough-surfaced co- 
baltous oxide does indeed cast doubt on the roughness 
hypothesis which Ruder and Birchenall’ applied to ex- 
plain the differences between the cobalt self-diffusion 
coefficients obtained on electropolished specimens with 
very smooth surfaces and mechanically polished and 
etched specimens with rougher surfaces. The former 
were accepted and reported by these authors and the 
latter were rejected. Results on welded and sectioned 
couples to be published soon by H. W. Mead and C. E. 
Birchenall” will show that, in fact, the latter are correct 
and the former are probably in error due to the surface 
trapping of the active cobalt. The discusser must sec- 
ond the authors’ recommendation for a check by sec- 
tioning on all surface-activity measurements. 

Naturally it is gratifying to see the results previously 
obtained on wistite by Himmel, Mehl, and Birchenall™ 
confirmed by these varied procedures. There are ref- 
erences to that earlier work which diverge from the 
discusser’s interpretation of it, and these divergences 
are stated without explanation. Therefore, I should 
like to seek the reasons. In Fig. 6 of ref. 11, the diffu- 
sion coefficient is plotted at these temperatures as a 
linear function of the vacancy concentration. Although 
there is some scatter in the data, it is difficult to see 
why this is now taken as a dependence on the 1.25 
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power of the vacancy concentration. It is also found that 
the vacancy concentration at 983°C is proportional to 
P.,** which is rather close to the expected P.,”*, per- 
haps closer than would be expected in concentrated 
solution. 

This leads to the Arrhenius-type interpretation 
placed upon the deviations from ideal behavior in 
these crystals. Since direct evidence of vacancy-ferric 
ion groupings with a kinetic identity is lacking in 
oxides, it seems more useful to favor a Debye-Hiickel 
approach, such as that employed by Wagner and 
Hammen” in their discussion of cuprous oxide. Eq. 8 
of the present paper may be rewritten in the form 
NreBre = NvBy where the n’s are the numbers of iron 
atoms or vacancies per unit volume and the B’s are the 
mobilities. Using Einstein’s relation 


and taking the values for the composition of wiistite in 
equilibrium with magnetite (double primes) and the 
composition of wustite in equilibrium with iron (single 
primes), the relation 


v 


B, D Fe Ny 


is obtained for a given temperature. 

Assuming the relative change in density at high tem- 
perature to be about the same as that found at room 
temperature at 983°C, it is found that 


Bie 
= 1.4 
and at 897°C 
Bye 
= 1.3, 
B , 


An increase in mobility (average for all vacancies 
present regardless of binding) with concentration 
would seem to be incompatible with the Arrhenius pic- 
ture. The Debye-Huckel type of approach can recog- 
nize the increased electrostatic and elastic repulsions 
accompanying the increased vacancy concentration. 
That effects of this type exist is supported by Bertaut’s™ 
observation that the vacancies in pyrrhotite (“FeS”) 
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can undergo long-range ordering and by Humphrey, 
King, and Kelley’s” findings that such interactions are 
required to explain the thermodynamic measurements 
on wustite. The use of dissociation equilibria in this 
connection recalls the rather monstrous compounds 
attributed to steelmaking slags until much too recently. 

To look at this last point another way, by the time 
10 pct or so of the iron lattice sites become vacant with 
twice as many electron holes in the crystal, it is diffi- 
cult to imagine any electron holes which are not very 
close to one or more vacancies. The mobilities of the 
holes are so much greater than those of the vacancies 
that the association of any hole with a given vacancy 
for a time comparable to that for a diffusion jump at 
these temperatures seems unlikely. 

Another way of looking at these data also argues 
against the association idea. Dr. L. S. Darken has just 
called the discusser’s attention to the fact that, if the 
more reliable data at the two highest temperatures are 
extrapolated linearly back to the fictitious stoichi- 
ometric composition, the diffusion coefficients go to zero 
at that point. 

R. E. Carter and F. D. Richardson (authors’ reply)— 
The authors thank Professor Birchenall for his most 
valuable comments and for pointing out the curious 
sentence referring to the proportionality found by Him- 
mel, Mehl, and Birchenall™ between diffusion coefficients 
and vacancy concentrations in wistite. This sentence 
(the second, col. 1, para. 3, p. 1256 of the authors’ 
paper) appears to have arisen from a typing jumble. 
The facts are, as Fig. 6 of ref. 11 shows, that the propor- 
tionality factor which increases with temperature is 
very small at 800° and substantial at 983°C. Inciden- 
tally, the data in Fig. 10 of ref. 11 seems to the authors 
to lead to a vacancy concentration per atom of oxygen 
which is proportional to Po,’/*" at the higher concentra- 
tions and Po,** at the lower. 

The authors agree with Professor Birchenall that, 


since direct evidence of vacancy-ferric ion groupings is 
not available, other ways of looking at the relationships 
which exist between vacancy concentrations, oxygen 
pressures, and diffusion rates in nonstoichiometric com- 
pounds must be considered. It is believed that he has 
a strong point regarding relative mobilities of electron 
holes and vacancies, but the authors would not attach 
much weight to his final suggestion: like Dr. Darken, 
the authors had looked to see how the lines in this 
Fig. 6 extrapolated to zero vacancy concentration, but 
it is necessary to be rather selective to find the result 
which Professor Birchenall gives. It is not agreed that 
consideration of these relationships in terms of associa- 
tion is on a par with the old compound theories for 
slags. In the oxide case it is known that a lattice built 
up of ions and cation and electron holes is being dealt 
with, so the simplest basic units for which there is 
direct evidence are being started with. 

The essential point emerging from this discussion is 
that at present no adequate theory exists. The most 
important step now is to measure the relationships 
which exist between diffusion coefficients, departures 
from stoichiometry, and oxygen pressures for a num- 
ber of oxides over good ranges of temperature and 
composition. Only in this way can the kinetic and 
thermodynamic properties of cation vacancies and 
electron holes be worked out and the basic data pro- 
vided for the development of theory. The wrong thing 
to do is to pile up diffusion data alone or to work on 
substances for which it is impossible to measure the 
departures from nonstoichiometry by unequivocal 
chemical means. 


23C, Wagner and -H. Hammen: Ztsch. fiir Physik. Chemie (1938) 
B40, p. 197. 

2%F. Bertaut: Acta Crystallographica (1953) 6, p. 557. 

25G,. L. Humphrey, E. G. King, and K. K. Kelley: Bulletin 4870 
U.S. Bureau of Mines (June 1952). 

26Mead and C. E. Birchenall: to be published. Trans. AIME 
(1955) 203. 


Electron Optical Study of Oxidation of High Purity Iron 


At Low Oxygen Pressures 
by Earl A. Gulbransen, William R. McMillan, and Kenneth F. Andrew 


DISCUSSION, A. J. Shaler and W. P. Roe, Chairmen 


J. Bardolle and J. Bénard (Faculté des Sciences, 
Université de Paris, Paris, France)—The discussers 
are glad to see that the authors’ observations generally 
agree with the results obtained by them some years 
ago. Since then, they have improved the precision of 
their first results by studying the variation of the 
number of nuclei according to the crystalline orienta- 
tion of the metal.’ “© Moreover, one of the discussers, 
in collaboration with J. Moreau, recently demonstrated 
a similar nucleation phenomenon in the oxidation of 
Ni-Cr alloys.* It has now been proven beyond a doubt 
that the oxidation of a metal may be discontinuous 
under certain conditions of pressure and temperature. 

The discussers would like to call the authors’ atten- 
tion to a few observations on the following points: 

1—It seems necessary to point out that the first of 
the discussers’ experiments, to which the authors re- 
fer,? was carried out not only on Armco iron but also 
on pure electrolytic iron prepared at the Vitry metal- 
lurgical research station, under the direction of Pro- 
fessor G. Chaudron. 

2—The electron diffraction study of oxide films has 
consistently shown, in the present work, the presence 
of Fe,O, oxide although the authors admit that the 
oxide originally formed is FeO. Since the discussers’ 
last publications on this subject, they have had the 
opportunity, in collaboration with J . Moreau, to make 
a similar study by electron diffraction. The reflection 
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electron diffraction patterns on an iron specimen with 
nuclei show evidence for FeO. This difference perhaps 
might be the result of a faster cooling in their studies. 

3—The authors have demonstrated clearly the reac- 
tion between superficial oxide and carbon in iron. How- 
ever, it does not seem that this reaction alone can ex- 
plain all the different aspects of the oxide according to 
the different crystalline orientations of the specimens. 

It seems, in fact, that all these differences could be 
explained equally by orientation differences prior to 
oxide reduction by carbon or by mechanisms of coales- 
cence or superficial reorganization of the oxide. 

4—The authors attribute the lines of thermal etching 
to the presence of hydrogen in the metal, but it seems 
that they are more likely related to oxidation reaction 
under very low pressures. Similar aspects have been 
observed on silver, copper, or on certain alloys when 
heated in oxidizing atmospheres; in a subsequent heat- 
ing in an inert gas or in hydrogen, these aspects gen- 
erally disappear. 

Some differences in the oxidation of Puron and 
Armco iron could be explained perhaps by the fact 
that Puron initially contains more oxygen than the 
quantity allowed by the oxygen solubility limit at 
850°C. In particular, one part of the oxide in the elec- 
tron micrograph of Fig. 8 could result from iron pro- 
toxide precipitation due to supersaturation during the 
cooling. 

Earl A. Gulbransen, William R. McMillan, and K. F. 
Andrew (authors’ reply)—The authors are very grate- 
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ful for the comments of Professor Bénard and M. Bar- 
dolle. They agree that the oxidation of metals under 
the conditions of low pressure and high temperature 
occurs by a discontinuous process. The authors would 
state that this discontinuous oxidation mechanism is 
probably true for a wide variety of oxidation condi- 
tions. The use of low pressure and high temperature 
oxidizing conditions makes possible a demonstration of 
the essential mechanism of oxidation. 

In regard to the specific questions raised by Professor 
Bénard and M. Bardolle, the authors have the following 
comments to add: 

1—They were not aware that pure electrolytic iron 
was used in the original work of Bardolle and Bénard. 

2—The experimental apparatus used did not allow 
for rapid cooling of the oxidized specimens. The FeO, 
which was probably formed at the high temperature, 
transformed under the authors’ conditions to FesO. on 
cooling below 570°C. 

3—The widely varying crystal habit of the oxide 
seen on the Armco iron specimens is due to both the 
effect of the original crystal orientation as well as to 


the subsequent carbon-oxide reaction. It is of interest 
to note that the oxide on certain crystal faces of the 
iron resists attack by carbon in the metal, while the 
oxide on other crystal faces is rapidly attacked. This 
suggests that the diffusion of carbon depends upon the 
direction in the crystal. 

4—The authors think that the pretreatment of the 
specimen is important in determining the crystal habit 
of the oxide which is formed. The pretreatment in 
hydrogen at 850°C has been found to embrittle the 
metal and, in addition, to change the pattern of low 
pressure oxidation. It has been noted recently that 
vacuum annealing at 850°C gives a discontinuous oxi- 
dation pattern nearly random in nature in contrast to 
that observed after a hydrogen anneal. 

5—The authors do not think that FeO is precipitated 
during cooling due to supersaturation of oxygen. 


“4 J. Bardolle: Journées Métallurgiques d’automne de la Soci- 
été Francaise de Métallurgie. (October 1953). To be published. 

1 J. Bardolle and J. Bénard: Comptes Rendus (1954) 239, pp. 
706-709. 

146 J, Moreau and J. Bénard: Journal Inst. of Metals (1954) 83, 
pp. 87-93. 


Warm Pressing of Beryllium Powder 


by Norman P. Pinto 


DISCUSSION, A. J. Shaler and W. P. Roe, Chairmen 


K. G. Wikle (The Brush Beryllium Co., Cleveland)— 
Information on the powder metallurgy of beryllium is 
of great interest to the beryllium industry and Mr. 
Pinto is to be congratulated for accumulating data on 
a particular form of warm pressing that has not been 
extensively investigated heretofore. 

To the best of present knowledge, the process of 
warm pressing as applied to beryllium powders was 
first developed by Sawyer and Dodds in 1947." Since 
then, considerable development work has been carried 
out at The Brush Beryllium Co.“ ” to determine the 
technical and economic merits of this compaction tech- 
nique. Based upon the results of these surveys in 
which taller compacts were consistently pressed to 
satisfactory densities without use of vacuum, the mean- 
ing of Pinto’s strength values are seriously questioned. 
Also, any economic or property improvement of warm 
pressing at 450° to 800°C over the standard industrial 
technique of vacuum hot pressing beryllium powder at 
1050° to 1150°C is questioned. 

Beryllium compacting work in the so-called warm 
temperature range, or below recrystallization but above 
normal atmospheric temperature, revealed in the 
Brush data a temperature-compacting pressure (neces- 
sary for 1.85 g per cu cm density) curve as shown in 
Fig. 12. Such data was obtained using dies of 18-4-1 
high speed tool steel from room temperature through 
750°C and graphite at higher temperatures. All ele- 
vated temperature pressings were precompacted at 
room temperature with about 40 tsi to 70 to 75 pct of 
theoretical density. Pressure was maintained at ele- 
vated temperatures in the steel die for a time of about 
15 sec, resulting in a compact 1% in. diam by 1.5 to 2 
in. long. It is noted in Fig. 12 that about 50 tsi is re- 
quired for complete densification at 600°C. This pres- 
sure compares to about 25 tsi reported by Pinto. The 
difference in the two pressures is so large that an ex- 
planation should be in order. 

Generally, the major differences between the meth- 
ods of attack were as follows: 

1—A powder having an average diameter of 21 mi- 
crons was used by Pinto, while powders of 12 to 16 
microns average diameter were employed for the tests 
shown in Fig, 12. 

2—The presence of a high vacuum during pressing 
vs a normal atmosphere is, of course, one of the main 
points of difference. 
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3—The side wall friction appears to be quite dif- 
ferent in the two cases in that the work at Sylvania 
used compacts 0.3 in. in length while that at Brush used 
samples 1.5 to 2 in. long. Surfaces available for friction 
as well as differences in lubrication technique may 
have been influential. 

The difference in the reported powder average diam- 
eters is believed to be a difference in measuring tech- 
nique, this writer giving Fisher Sub-Sieve Sizer values 
and Pinto presenting Scott volumeter values. The 
powders in both cases were prepared in the same or 
identical attrition mills. Pinto reports getting the same 
warm-pressed densities with or without vacuum under 
identical time, pressure, and temperature conditions 
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Fig. 12—Compacting pressure necessary to densify attritioned —200 
mesh beryllium powder to theoretical density of 1.85 g per cu cm 
at various temperatures. 
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Table Ill. 


Mechanical Properties of Warm and Hot-Pressed Beryllium Compacts 


. Com- Heat Ultimate Pct Den- 
BS Compacting pacting Treatment Tensile Yield Elon- Hard- sity, 
mp: c Pressure, Tempera- of Tensile Strength, Strength, ga- ness, G per 
; Tsi ture, °C Specimen 1000 Psi 1000 Psi tion R sr Cu Cm 
aie 5 100 425 None 30.3 = 0.2 87 1.845 
0.6 100 425 Vacuum sintered 46.5 43.4 13 78 1.846 
at 1125°C, an- 
nealed 800° for 
20 min 
No. 53 70 565 450°C for 20 min 46.3 — 0.0 92 1.847 
No. 54 80 560 450°C for 20 min 38.1 — 0.5 93 1.845 
No. 58 40 650 450°C for 20 min 40.1 = 0.0 91 1.863 
No. 59 40 650 450°C for 20 min 58.0 — 0.0 92 1.870 
No. 61 15 750 450°C for 20 min 51.8 — 0.0 90 1.849 
Y-5694 T* 1.5 1100 750°C for 20 min 51.9 39.0 2.2 — 1.845 
Li 750°C for 20 min 40.0 32.2 1.845 
VHP.t Tt 50 750°C for 20 min 45.2 32.1 2.3 80 1.845 
and Li 
Y-5710 1100 i 
VHP.t T* 0 750°C for 20 min 50.7 30.1 pa 1.852 
Y-5710 1100 750°C for i 39. 
VHP, L+ 20 min 5 26.5 1.8 1.852 
Y-4522 ies VHP? and extruded 1050 750°C for 20 min 85.3 51.0 6.8 82 1.851 
Y-4522 Ni+ 2Y4 to 1% in. 1050 750°C for 20 min 46.6 46.0 0.5 82 1.851 
diam at 425°C 
Y-5540 ips VHP} and extruded 1050 750°C for 20 min 101.0 — 14.3 84 1.845 
4% to Ye in. 
{ diam at 1950°F 


T is samples taken transverse to pressing direction. 

L is samples taken parallel to pressing direction. 

Va stands for vacuum hot pressed (75 to 125 psi at 1050°C). 
N 


is samples taken parallel to extrusion direction. 
is samples taken normal to extrusion direction. 


and thus the second point is not significant. Thus, the 
only explanation of greater consolidation reported by 
Pinto at equivalent pressures must be the shorter com- 
pact with which he worked. It is well known that short 
compacts can be pressed to density more easily than 
long ones. 

Because of the longer length of compacts in warm 
pressing at Brush, conventional tensile data could be 
attained. Tensile and hardness data on —200 mesh 
powder compacted from 400° to 750°C at 15 to 100 tsi 
(Table III) are listed for comparison with Pinto’s data. 
Properties of Brush’s conventional hot-pressed beryl- 
lium, of warm (425°C) extruded rod, and of hot 
(1950°F) extruded rod are also shown. 

In general, as stated by Pinto about the vacuum 
warm-pressing work, the as-pressed strength of dense 
compacts is about 115,000 psi, with hardness of 90 Rist. 
Such compacts did not appear to have directional 
properties. 

In the Brush material, the normal strength, based on 
a large number of samples, ranges between 30,000 and 
100,000 with the greater strengths being obtained in 
directionally worked materials with extremely aniso- 
tropic mechanical properties. For warm pressing with- 
out vacuum at 550° to 600°C, at comparable times and 
temperatures, but with much longer samples at higher 
pressures, ultimate tensile strengths on the order of 
58,000 psi were obtained with full density at 650°C or 
about one-half of the value reported as breaking 
strength by Pinto. Good agreement is shown with 
Pinto in the hardness values. 

In view of the size of the samples used by Pinto, it 
appears that the “breaking strengths” reported were 
actually modulus of rupture values and not true 
strengths. The difference of 58,000 and 115,000 psi 
would, on this basis, be compatible, since the breaking 
pressure would be the same for the two methods. 
However, this point is open to question by the dis- 
cusser. Adso, it might be added that with commercial 
warm-pressing techniques, or in any technique wherein 
appreciable amounts of pressure are applied to beryl- 
lium, the mechanical properties of the resulting piece 
are generally anisotropic, being superior in the direc- 
tion of flow; see Table III. 

The Brush work shows further that the material 
pressed under the minimum sintering temperature for 
beryllium (about 750°C) does not have 4 strong inter- 
crystalline bond. This is illustrated by the increase in 
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tensile strength of the sintered sample No. 6 over the 
warm-pressed sample No. 5. The development of this 
bond is especially indicated on those samples which are 
vacuum hot pressed or hot worked above the recrystal- 
line temperature. All of these specimens were low in 
hardness (80 to 84 Risr) but exhibited tensile strengths 
greater than harder pieces pressed at 425° to 750°C. 

Generally, in comparing the two warm-pressing 
methods, the discusser would like to sum up as follows: 

1—It is difficult to believe that a hardness of Rist 
in the 90’s is indicative of tensile strength on the order 
of 110,000 to 120,000 psi compacted beryllium powder. 
The difference in strengths indicated between the two 
methods is probably that of difference in test method 
and interpretation. Actually, tensile strengths for the 
methods appear to be similar if the test results are 
interpreted properly. 

2—There seems to be some advantage in the warm- 
pressing technique under vacuum. However, in view 
of the differences in size and operational techniques, 
the full extent of this advantage cannot be evaluated. 
The technical advantages of vacuum seem small in 
light of the heavy economic penalties involved. 

3—Generally speaking, although the warm-pressing 
method is relatively old in beryllium powder compact- 
ing and has been employed in production, it has not be- 
come a process of extensive use. This is largely because 
of relatively brittle structure obtained by warm press- 
ing. No evidence has been produced to indicate that 
vacuum warm pressing would change this situation. 
Generally, ductility with a strong intercrystalline bond 
can be obtained only by heating above the recrystal- 
lization point. For this reason, hot pressing, warm 
pressing-sintering, and hot working as well as warm 
working supersede the use, at least on a commercial 
basis, of the warm-pressing process alone. 

Norman P. Pinto (author’s reply )—The work at Brush 
represents an interesting addition to the data on the 
compacting of beryllium at elevated temperatures. Ex- 
perience in hot pressing of powders indicates that the 
reasons why Brush required higher pressures to attain 
theoretical density are, in order of importance: 1—lub- 
rication, 2—compact length/diameter ratio, and 3—at- 
mosphere. 

The selection and application of proper lubricants 
are of paramount importance in attaining high densi- 
ties and optimum properties with any metal powder. 
In work at Sylvania, a thin graphite shell was em- 
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ployed to eliminate contact between the powder and 
the die, even though the length/diameter ratio was 
small; it was desirable to establish the ultimate densi- 
ties attainable with given time-temperature combina- 
tions. Although the graphite-sleeve technique is not 
suitable to production applications, it does fix the ulti- 
mate density to which the results using the more prac- 
tical lubricants may be compared. In determining the 
optimum conditions for hot pressing metal powders, 
Sylvania has found the development of suitable lubri- 
cants and proper methods for their application to be 
most critical. It is important that lubricants be charac- 
terized completely.* In determining the conditions ade- 
quate for obtaining optimum hot-pressed properties, it 
is usually simpler to establish the time-temperature 
combination, determined to a large extent by the die 
materials, heating medium, and the hot-pressing char- 
acteristics of the particular metal powder, than to es- 
tablish the best lubricant and method of applying it. A 
definition of the proper lubricant should include state- 
ments as to its composition, porosity, thickness, thick- 
ness range, surface contour, etc., as well as the method 
by which it is applied, including the number of layers 
applied, temperature of lubricant and die at the time 
of application, lubricant carrier, solids concentration, 
purity, gas pressure, etc. It is assumed that Wikle’s 
lubricant was applied to the die walls rather than to 
the powder; if this assumption is incorrect, the physical 
properties may have been altered by the residual 
admixed lubricant. 


Widely divergent and misleading results may be 
reached by comparing densities obtained under iden- 
tical conditions of time, temperature, and atmosphere 
but using different lubricants or the same lubricant ap- 
plied in a different manner. In any statement of the 
properties of hot-pressed compacts, it is just as im- 
portant to state the lubricating conditions as to state 
the other pertinent variables. It is the author’s opinion, 
therefore, that the differences between Wikle’s data 
and his at 600°C and 25 tsi, for example, is to be found 
in lubricant primarily but also in the difference in 
length/diameter ratio and in atmosphere and to a 
lesser extent in powder characteristics. 

Work in the hot compacting of metal powders, in- 
cluding beryllium and aluminum,” emphasize the dif- 
ference between compacting in air and in vacuo. Hot 
compacting in air is complicated by the oxidation of 
the metal and it is difficult to appraise the density of 
beryllium parts made from powder which had been ex- 
posed to high temperature air without a statement of 
its oxygen or oxide content, since beryllium powder, 
even in room temperature air, can pick up several per- 
cent of oxygen.* Wikle’s data illustrate the contamina- 
tion possible during high temperature pressing in air; 
the density of compact No. 89 (1.870 g per cu cm) 
corresponds to a concentration of 2.8 pct BeO if the 
metal is a mixture of beryllium and BeO. Again, the 
effects of small concentrations of contaminant may 
have a large effect on physical properties: compacts 
Nos. 58 and 59 were pressed under identical conditions 
and their ultimate tensile strengths vary considerably. 
The difference between respective densities corre- 
sponds to a difference in BeO of only 0.007 pct and 
there is a difference in ultimate tensile strength of 
19,700, assuming, of course, the ultimate tensile strength 
data are averaged and not individual values. Sylvania 
studies on beryllium concentrated on vacuum press- 
ing, and the author does not claim to be in a position to 
generalize about compacting in air; Brush’s work ap- 
parently concentrated on air compacting. 

In citing the data on strength and hardness, it was 
pointed out that, because of the small size of the com- 
pacts, it was necessary to use the simple beam test to 
compare the properties of hot-pressed compacts with 
those made by pressing and sintering. The sintered bars 
were carefully machined and ground to the same di- 
mensions as the hot-pressed bars and the testing con- 
ditions were as nearly identical as possible. The con- 
ditions and method of test were outlined carefully so 


704—JOURNAL OF METALS, MAY 1955 


that the reader might not confuse the data with those 
obtained by the more conventional tensile tests. It was 
the size of the compacts which precluded the use of the 
standard tensile test. Obviously, strength data could 
not be obtained on bars cut parallel to the pressing 
direction because of the short height of the compact; 
however, hardness did not vary with the surface on 
which the reading was made. 

Regarding the use of vacuum, industry in general in 
the past few years has acknowledged the advantages of 
vacuum processing certain materials and has accepted 
the increased costs as a necessary but minor disad- 
vantage, far out-weighed by the advantages accrued. 
Vacuum melting, vacuum annealing, and vacuum sin- 
tering are being employed more and more widely not 
because of subtle improvements but because of im- 
portant differences in physical properties, purity, re- 
producibility, yield, etc. Sylvania has been using 
vacuum processing on a commercial scale for over 
three years, and studies indicate that any penalties are 
offset by the gains. The general trend toward the utiliz- 
ation of special methods and techniques for the proc- 
essing of special metals represents an attitude which 
will result in a more efficient utilization of the desir- 
able properties of the new metals which are now being 
produced and of the older metals with excellent char- 
acteristics which have been developed recently. 

The author would like to comment on the state- 
ments that “material pressed under the minimum sin- 
tering temperature (750°C) does not have a strong inter- 
crystalline bond” and that “ductility with a strong 
intercrystalline bond can only be obtained by heating 
above the recrystallization point.” In sintering a pow- 
der compact, the green compact has essentially point 
contact between particles, or at least contact over ex- 
tremely small areas. Since there is no externally ap- 
plied pressure forcing the particles together, the sin- 
tering or the densification occurs, due principally to 
the increased mobility of the atoms at the elevated 
temperature and by one or more of the methods of 
atom transfer. Conditions are entirely different in the 
case of elevated temperature pressing. Here the com- 
pacting pressure is applied when the particles are very 
ductile and have low strength; the particles are dis- 
torted and the voids are closed almost exclusively by 
the force of the externally applied pressure. As the 
particles become distorted, fresh clean unoxidized sur- 
faces are exposed and establish bonds with the particles 
against which they are forced. One of the most im- 
portant factors retarding interparticle bonding is the 
contamination of the surface of the particles, e.g., with 
oxide; this is particularly important at lower temper- 
atures and, as the temperature is increased, the oxide 
particles on the surface layers tend to agglomerate, in- 
creasing further the area over which bonding may be 
effected and augmenting the bonding mentioned pre- 
viously. It is known that metals may be cold welded by 
forcing pieces together so that the pieces are upset 
considerably and so that fresh clean surfaces come in 
contact; strong bonds may be effected even at room 
temperature with certain metals, e.g., copper. This 
type of bonding will be influenced to some extent by 
the atmosphere in which it is conducted, being im- 
proved by the use of vacuo. The author feels that the 
mechanisms by which bonding is effected during sin- 
tering and during low temperature or “cold” welding 
are substantially different. 

The data presented by Wikle show a difference in 
ultimate tensile strength between compact Nos. 5 and 
6 of 16,200 psi and a difference of 17,900 psi between 
two samples presumably prepared under identical con- 
ditions (compact Nos. 58 and 59). It would seem that 
the spread in tensile values characterized the variance 
associated with this particular series of experiments. 
Wikle has an interesting possibility here and it should 
be investigated more thoroughly, possibly on a statis- 
tical basis. 


13H. Dodds and C. B. Sawyer: Patent Application SN. 329,102 
(Dec. 31, 1952). 


TRANSACTIONS AIME 


144W. W. Beaver: Fabrication of Beryllium Powder Metallurgy. 
Metal Progress (1954) 65, No. 4, pp. 92-97; 168-173. 

2D. Wi Beaver and K. G. Wikle: Mechanical Properties of 
Beryllium Fabricated by Powder Metallurgy. Trans. AIME (1954) 
200, pp. 559-573; JourRNAL oF METALS (May 1954). 


146N. P. Pinto: Measurement of Lubricant Thickness on Powder 
Metallurgy Dies. Lubrication Engineering 10, p. 6. 

wN. P. Pinto and G. P. Howland: Hot Pressing of Aluminum 
Powders. Presented at AIME Annual Meeting (February 1955). 


The Influence of Carbon and Manganese on the Properties of Semikilled 


Hot Rolled Steel 
by F. W. Boulger and R. H. Frazier 


DISCUSSION, Howard Scott and Paul Gordon, 
Chairmen 


A. B. Wilder (National Tube Div., United States Steel 
Corp., Pittsburgh)—The results reported by the authors 
are of particular interest to producers of pipe for 
large diameter gas pipelines. The chemical ranges and 
deoxidation practice described are commonly used in 
the production of welded pipe. In the manufacture of 
seamless pipe, usually an aluminum-killed steel is em- 
ployed. 

In the manufacture of high yield strength (52,000 psi 
minimum) large diameter line pipe, the material is 
frequently cold expanded. This cold working provides 
an increase in strength properties without a corres- 
ponding increase in chemical composition. An increase 


Table IX. Check Chemical Analysis 


Heat Cc Mn Ss 
A .25 0.92 0.019 0.029 
B 0.27 1.06 0.018 0.030 
@ 0.24 1.03 0.019 0.029 
D 0.24 0.90 0.018 0.030 
E 24 1.06 0.022 0.030 


in carbon content, for example, would influence weld- 
ability. 

The effect of cold working was not determined by 
the authors. In Table IX the chemical analysis is shown 
and in Table X the influence of cold working on the 
Charpy impact properties of semikilled steel is given. 
It will be observed the transition temperature (10 ft-lb 
level) was raised. A 2/3 size keyhole Charpy impact 
specimen was used. The material was aged at 450°F 
for 4 hr after cold working. The relationship of carbon 
and manganese to the transition temperature of cold- 
worked steel was not determined. The results reported 
in Tables IX and X were obtained by F. W. Crouch, 
National Tube Div., United States Steel Corp. 

F. W. Boulger and R. H. Frazier (authors’ reply)— 
Dr. Wilder’s data on the effect of combined cold work- 
ing and aging treatments on notched-bar properties 
of semikilled steels make a worthwhile addition to the 
paper. Although it is known that such treatments in- 
crease the likelihood of brittle fracture, very few 
quantitative data have been published. Many steels are 
cold worked during mill processing or in later fabrica- 
tion. Since serious brittle fractures have occurred in 
structures containing such steels, research on the inter- 
related effects of composition, cold work, and aging on 
toughness seems desirable. 


Table X. Impact Test Results, Average of Five Heats 


2/3 Size Charpy Keyhole Ft-Lb at Indicated Temperature, °F 


Treatment W5 50 25 0 —25 —50 —15 —100 
As-rolled 19.7 18.8 17.9 5 14.0 11.9 9.3 2.6 
Strained % pct, aged* 18.9 18.3 17.5 15.4 14.2 ES 7.8 2.6 
Strained 1 pct, aged 18.1 itt 3) 16.8 14.6 13.0 9.2 4.3 1.7 
Strained 1% pct, aged 18.3 17.0 15.7 14.8 
Strained 2 pct, aged 17.2 6.5 15.4 10.1 4.3 1.4 1.4 


* Aged at 450°F for 4 hr. 


Temper Embrittlement of 5140 Steel 


by S. H. Bush and C. A. Siebert 


DISCUSSION, Howard Scott and Paul Gordon, 
Chairmen 

S. R. Maloof (Raytheon Manufacturing Co., Waltham, 
Mass.)—The changes in the lattice parameter of ferrite 
following the embrittling treatments used by the 
authors aré in complete accord with those noted by the 
writer in an earlier investigation.’ However, the authors 
fail to make any mention of this study. Since the 
authors have shown a definite correlation between the 
lattice parameter of ferrite and the degree of temper 
brittleness as measured by the shift in transition tem- 
perature, any proposed mechanism of temper embrittle- 
“ment must, aS a consequence, be consistent with the 
changes observed in a. Do the authors have any 
thoughts on the subject? 


TRANSACTIONS AIME 


Some investigators” * have favored the notion of 
segregation of various elements at the grain bound- 
aries as the cause of temper brittleness; and one,* 
without any experimental support, had earlier pro- 
posed the mechanism of precipitation at the grain 
boundaries as the cause of temper brittleness. How- 
ever, neither of these mechanisms would be expected to 
cause the changes in a, observed. The maximum change 
in a. observed (0.0012 kX units), although small, must 
result from a change occurring throughout the entire 
volume of each grain, as for example, the precipitation 
of a carbide phase or the diffusion of the alloying ele- 
ments in ferrite into the carbide phase (cementite). If 
carbide precipitation per se is responsible for temper 
brittleness, it then becomes difficult to explain the dif- 
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ferent degrees of temper brittleness observed at the 
various temperatures investigated. Precipitation of car- 
bide is detected in plain carbon as well as low alloy 
steels at temperatures generally lower than the temper- 
ature range where temper brittleness is observed. The 
authors have observed maximum embrittlement at 
850°F after 3000 hr, very little at 750°F, and lesser 
amounts at 1050° and 1100°F. 

While retaining the notion of carbide precipitation 
as the cause of temper brittleness, it is more reasonable 
to assume that a sufficient number of carbide particles 
of a critical size would be required to embrittle the 
steel. Maximum embrittlement wouid then occur at the 
temperature where the nucleation rate (N), according 
to the nucleation theory, is a maximum—the authors’ 
850°F temperature, for example.* At this temperature, 


*It is interesting to quote from the work of R. L. Rickett and 
F. C. Kristufek:" ‘Carbide particles precipitated from ferrite at 
relatively high temperatures (>1000°F) are fairly massive and 
occur in ferrite grain boundaries; those precipitated at lower tem- 
peratures are more numerous, smaller, and tend to form within 
the ferrite grains; precipitation appears to be most rapid at 800°F.” 


the maximum number of precipitated particles would 
form. At temperatures below and above this tempera- 
ture, the nucleation rate (N) being lower, fewer par- 
ticles would be formed. Consequently, at temperatures 
lower than 850°F, an insufficient number of fine car- 
bide particles would be formed such as to embrittle 
the steel. This may be the case at 750°F. At tempera- 
tures greater than 850°F, a smaller number of large 
particles would be formed and the steel should exhibit 
less embrittlement. Such is the case observed by the 
authors at 1050° and 1100°F. The return to toughness of 
a steel given a long-time temper at the embrittling 
temperature could be explained nicely by the agglo- 
meration and growth of the precipitated particles. In 
the authors’ Table I, a slight return to ductility of the 


steel is observed after 3000 hr at 950° and 1050°F. The 
return to toughness of the steel following heating to 
1250°F for 1 hr after embrittling for 100 hr at 750° and 
950°F also could be explained in a similar way. How- 
ever, it must be assumed that partial resolution of car- 
bide in ferrite occurred, since the lattice parameter of 
ferrite was shown to increase after this treatment. 

On the other hand, the decrease in the lattice para- 
meter of ferrite following temper embrittlement could 
be explained also by a diffusion of the alloying ele- 
ments in ferrite into the carbide phase (cementite). 
Enrichment of cementite in alloy content has been ob- 
served by the writer and others.” * In this case, the 
brittleness would be associated with the existence of a 
carbide enriched in alloying elements. At higher tem- 
pering temperatures, the alloying elements would go 
progressively into solution, resulting in a disappearance 
of temper brittleness.* These and other phenomena 
observed during temper-brittle studies have yet to re- 
ceive adequate explanations. 

The writer firmly believes that more X-ray diffrac- 
tion and electron microscope studies will be necessary 
before an exact explanation of temper brittleness is 
forthcoming. 


8S. R. Maloof: Some X-ray Diffraction and Electron Microscope 
Observations on Temper-Brittle Steels. Trans. ASM (1952) 44, pp. 
264-274. 

®D. McLean and L. Northcott: Micro-Examination and Electrode 
Potential Measurements of Temper-Brittle Steels. Journal Iron and 
Steel Inst. (1948) 158, pp. 169-177. 

0B, C. Woodfine: Some Aspects of Temper-Brittleness. Journal 
Iron and Steel Inst. (1953) 173, pp. 240-255. 

uR. L. Rickett and F. C. Kristufek: The Microstructure of Low 
Carbon Steel. Trans. ASM (1949) 41, pp. 1113-1141. 

12 F, Houdrement, W. Kock, and W. J. Wiester: On the Processes 
of Transformation in Cr-Mn Steels. Archiv fiir das Eisenhiitten- 
wesen (1945) 18. 

13F, Bowman: Partition of Molybdenum in Steels. Trans. ASM 
(1945) 35, p. 112. 

14 W. Bischof: Discussion of ‘“‘Beitrag zur Frage der Anlassspro- 
digkeit.”’ Archiv fiir das Eisenhiittenwesen (1935) 8, p. 301. 


Viscosity and Density of Liquid Lead-Tin and Antimony-Cadmium Alloys 


by H. J. Fisher and A. Phillips 


DISCUSSION, Howard Scott and Paul Gordon, 
Chairmen 


Cyril Stanley Smith (Institute for the Study of 
Metals, University of Chicago, Chicago)—The almost 
discontinuous change in viscosity in the liquid above 
the eutectic now seems to be well established, although 
it is hard to explain theoretically. Have the authors 
compared the viscosity of melts made from pure com- 
ponents and never solidified with those that have been 
frozen and remelted? It is conceivable that an increase 
in viscosity could result from the presence of some 
solid impurity which forms easily in primary dendritic 
crystals and which cannot grow to a sufficient size in a 
eutectic. 


H. J. Fisher and A. Phillips (authors’ reply )—The in- 
teresting point raised by Dr. Smith regarding the com- 
parison of the viscosity of alloys, which in their ther- 


mal history had never previously undergone a liquid- 
to-solid phase transformation with other alloys which 
had been previously frozen and remelted, was not in- 
vestigated in the authors’ work. Other work* on crys- 
talline solids has indicated that phase changes can be 
initiated by foreign inclusions as well as by deviations 
from structural regularity, such as grain boundaries 
and dislocations. The presence of these structural irreg- 
ularities may catalyze the nucleation and/or growth of 
new phases. In the case of frozen and remelted alloys, 
the influence of these factors on the viscosity-constitu- 
tion relationship in the liquid state has never, to the 
authors’ knowledge, been investigated and appears to 
merit study. The authors wish to thank Dr. Smith for 
bringing this to their attention. 


1D. Turnbull: Role of Structural Impurities in Phase Trans- 
formations. (November 1954) Paper presented at the ASM Semi- 
nar on Imperfections. 


On the Nucleation of Pearlite 


by M. E. Nicholson 


DISCUSSION, E. S. Machlin and J. K. Stanley, 
Chairmen 
L. D. Jaffe (Jet Propulsion Laboratory, California 
Institute of Technology, Pasadena, Calif.)—The author’s 
interesting speculations appear to depend almost en- 
tirely on the assumption that the rate of formation or 
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nucleation of pearlite decreases with increasing carbon 
content. Unfortunately, this assumption is not in ac- 
cord with experiment. The data of Sato,” of Lyman and 
Troiano,* of Blanchard, Parke, and Herzig,® and of 
others" show that the pearlite reaction is accelerated 
by increase of carbon content. 


TRANSACTIONS AIME 


Dr. Nicholson cites Digges’ 1938 work as indicating 
otherwise; Digges” measured the cooling rate at which 
the first trace of nonmartensitic product appeared in 
Fe-C alloys. He referred to this product as “troostite;” 
more recent evidence” indicates that under such con- 
ditions the nonmartensitic product would probably be 
what is now termed “bainite.” Accordingly, Digges’ 
data probably do not pertain to pearlite. Likewise, 
reference to original published data” for Dr. Nichol- 
son’s Fig. 2 does not substantiate his contention that 
the curves for beginning of the pearlite and of the pro- 
eutectoid ferrite reactions join tangentially. 


M. E. Nicholson (author’s reply)—Dr. Jaffe has 
stated that the mode of pearlite nucleation suggested 
in the paper depends upon the assumption that the rate 
of pearlite nucleation decreases with increasing carbon 
content. This is only half true. Based on the two-mode 
model, the rate of pearlite nucleation may decrease 
with increasing carbon content when pearlite is nucle- 
ated by ferrite-initiated sequence or it may increase 
with increasing carbon content when pearlite is nucle- 
ated by a cementite-initiated sequence. The former is 
the situation for plain carbon, low nickel, and low man- 
ganese steel. The latter is the case for such alloy steels 
as molybdenum, chromium, and tungsten steels. The 
references cited by Dr. Jaffe are for steels in the sec- 
ond class. 

With regard to the reference to Dr. Digges, it should 
be pointed out that Dr. Digges described the first non- 
martensitic product not only as nodular troostite. using 
the common contemporary terminology, but also as 
fine pearlite, using the terminology now in vogue. In a 
more recent work, Digges* confirmed his earlier work. 
He again found that in plain carbon steels, except for 
low carbon alloys in which ferrite formed first, the first 


nonmartensitic was fine pearlite. In these steels the 
critical quenching velocity descreased with increasing 
carbon content. 

Dr. Jaffe indicates that the data used as the basis for 
Fig. 2 did not show the curves for the beginning of the 
pearlite and proeutectoid ferrite joining tangentially. 
The curves in the original reference and in Fig. 2 ex- 
hibit a rapidly decreasing curvature as the nose of the 
curve, where they join, is approached. Such curves 
quite conceivably may join tangentially. Actually 
whether or not they join tangentially is not pertinent. 
Much more to the point is the question whether these 
curves exhibit the relations shown in Fig. 1, where 
there is an abrupt change in direction as XA joins XC’, 
or whether they exhibit those shown in Fig. 4 where 
no abrupt change occurs. The original curves, like 
those in Fig. 2, show no abrupt change where the pro- 
eutectoid ferrite curve joins the pearlite curve and 
therefore may be used as evidence to support the two- 
mode model of nucleation. 


17T. Sato: On the Critical Points of Pure-Carbon Steels. Tech- 
nical Reports Tohoku Imp. University (1929) 8, pp. 27-52. 

18T, Lyman and A. R. Troiano: Influence of Carbon Content 
Upon the Transformations in a 3 Per Cent Chromium Steel. Trans. 
ASM (1946) 37, pp. 402-448. 

19 J. R. Blanchard, R. M. Parke, and A. J. Herzig: Effect of 
Molybdenum on the Isothermal Subcritical Transformation of 
Austenite in Low- and Medium-Carbon Steels. Trans. ASM (1941) 
29, pp. 317-338. 

20 J. R. Blanchard, R. M. Parke, and A. J. Herzig: Effect of 
Molybdenum on the Isothermal Subcritical Transformation of 
Austenite in Eutectoid and Hypereutectoid Steels. Trans. ASM 
(1943) 31, pp. 849-876. 

21 Atlas of Isothermal Transformation Diagrams. (1951) pp. 97- 
100. Pittsburgh. U.S. Steel Corp. 

22 J. H. Hollomon and L. D. Jaffe: Ferrous Metallurgical Design. 
(1947) pp. 207-208. New York. John Wiley and Sons. 
2 Atlas of Isothermal Transformation Diagrams. 

47-49. Pittsburgh. U.S. Steel Corp. 

24T. G. Digges, C. R. Irish, and N. L. Carwile: Effect of Boron 
on the Hardenability of High-Purity Alloys and Commercial Steels. 
Bulletin National Bureau of Standards (1948) 41, pp. 545-574. 


(1951) pp. 44, 


Stabilization of the Bainite Reaction 


by R. F. Hehemann and A. R. Troiano 


DISCUSSION, E. S. Machlin and J. K. Stanley, 
Chairmen 


E. P. Klier and Volker Weiss (Metallurgical Research 
Laboratories, Syracuse University, Syracuse, N. Y.)— 
The strongest evidence of carbon enrichment of the 
austenite during bainite formation stems from tetra- 
gonality measurements on the martensite formed on 
quenching from the transformation temperature. Hehe- 
mann and Troiano state, “in steels containing 0.3 to 0.4 
pet C... the [tetragonal] split indicative of a high car- 
bon martensite has not been reported.” The writers pre- 
sent Table II taken from the literature* in which the 
tetragonal split has been reported. Hehemann and 
Troiano further assert that “It should be noted, however, 
that no enrichment has been detected experimentally 
in high carbon steels.”” ** Their attention is directed 
to Fig. 18 taken from Lyman and Troiano.* Of interest 


Table Ilz Tetragonal Split in Steel, after Klier™ 


Transformation 


Temperature Time at 
Tempera- 
Steel Pct C °C oF ture, Sec Structure 
* 0.38 475 887 90 vy plus tetragonal 
3 pet Cr 
: 475. 887 180 vy plus tetragona 
3 pet Cr 0.38 split ; 

3 pet Cr 0.38 475 887 23 hr peng ey split plus 
1 pet Cr, 0.42 BLS 959 90 7 plus tetragonal 
0.40 pct Mo split cue 
1 pet Cr 0.44 550 1022 120 Tetragonal split vy 
1 pet Cr 0.44 515 959 45 plus tetragonal 

: split 
1 pet Cr 0.44 505 941 320 vy plus tetragonal 
split 


TRANSACTIONS AIME 


= 
Fig. 18—Dependence 1.050 | | 
ratio at 450° and %% 1,040 
384°C during iso- B + 
a [See 
tion in the 3 pct Cr 
105 


TIME SECONDS 


is the martensite axial ratio curve obtained after trans- 
formation at 384°C for a 1 pct C, 3 pct Cr steel. There 
is unequivocal evidence here that carbon enrichment 
of the austenite has obtained. 

After examining the present review and experi- 
mental program, the discussers find it desirable to re- 
affirm their belief that the mechanism of bainite for- 
mation proposed by Klier and Lyman’ and by Klier™ is 
essentially correct and is described in the following 
steps: 1—The diffusion of carbon in austenite to set up 
alternating regions of high and low carbon content. 
2—The transformation of either region independently 
or both essentially is consort by a lattice shearing 
mechanism. In low carbon steels the low carbon re- 
gions, in general, precipitate; in high carbon steels all 
three possibilities may obtain. (The discussers refrain 
from calling the precipitation process a martensite re- 
action at the present time, as they consider this re- 
action now incompletely defined.) 3—The conditions de- 
scribed in items 1 and 2 depend on the temperature of 
transformation and, as this temperature is lowered, 
the extent of carbon diffusion is modified with the dif- 
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Fig. 19—1.5 pct Mo, 1.0 pct C_ steel, 


Fig. 20—1.5 pct Mo, 


oN 


1.0 pct C steel, Fig. 21—1.5 pct Mo, 


quenched from 1100° to 560°C for 5 min. quenched from 1100° to 560°C for 5 min. quenched from 1100° to 560°C for 5 min. 
Etched with nital. X500. Area reduced ap- Etched with nital, repolished, and etched Etched with nital. X500. Area reduced ap- 


proximately 25 pct for reproduction. 


with alkaline sodium picrate. X500. Area proximately 25 pct for reproduction. 


reduced approximately 25 pct for reproduc- 


tion. 


ferential in carbon content between high and low car- 
bon regions being reduced. Carbon movement, even if 
only from one location in the unit cell to another, is 
postulated for all bainite structures. 

In postulating the foregoing mechanism of bainite 
formation, definite theoretical concepts have been the 
guide. Certain experimental data to which these con- 


cepts have guided the discussers will be outlined 
briefly. 

Studies of bainite formation in high carbon steels 
have been completed mainly on slowly transforming 
steels. The micrographs Figs. 19 to 24 were obtained 
by D. E. Nulk® in a rapidly transforming steel contain- 
ing 1 pet C and 1.5 pct Mo. In Figs. 19 and 20 carbon- 
rich regions are indicated in the austenite. These re- 
gions develop and grow while the high-low carbon 
complex remains coherent with the matrix austenite, 
Figs. 21 and 22. Finally the ferrite-carbide complex 
stands as a precipitated structure, Figs. 23 and 24. For 
this steel the carbide precipitated in the bainite range 
is not FesC. Similar structures are possible in a some- 
what different transformation sequence, Figs. 25 and 
26. Here with reduction in transformation temperature, 
the normal bainitic structure is replaced by a lamellar 
structure which exists over a short temperature range 
only. 

Over a span of about three years, many data relating 
to the stabilization effect of prior formation of “upper” 
bainite on the rate of formation of lower bainite were 
obtained. In these studies the discussers observed that 
even slight banding led to highly objectionable trans- 
formation characteristics on transforming at the lower 
temperatures. That this stabilization, however, might 
lead to increased hardenability was advanced by Cleve- 
land® as responsible for the secondary hardness peak 
developed in 52100 steel. The potentialities of this proc- 
ess for developing worthwhile increases in harden- 
ability escaped the discussers in their work. 


quenched from 1100° to 560°C for 5 min. 


The data for stepped transformation treatments in 
the bainite range are in agreement with the data of 
Lange and Mathieu,” Wever and Mathieu,” and with 
Hehemann and Troiano. Additional data of interest 
obtained by F. C. Wagner®” are presented in Fig. 27. 
Here are reported three sets of transformation data in 
the bainite range after prior holding at 1200°F for 30, 
300, and 500 sec, respectively. These holding times did 
not lead to the formation of pearlite. Of interest is the 
fact that holding for the long time has led to a virtual 
elimination of the upper bainite reaction, as indicated 
by the reduced dilatation after this treatment. 

The fact that suitable holding at high subcritical 
temperatures may result in the suppression of upper 
bainite has led to an exploration of this behavior in 
4340 steel. For the steel that has been studied at length, 
it has been possible in the standard Jominy bar to 
virtually eliminate the upper bainite reaction by re- 
placement with the lower bainite reaction. A rather 
large program of studies of the properties of these 
structures has now been completed. The discussers 
hope to be able to publish the results in the near future. 

R. F. Hehemann and A. R. Troiano (authors’ reply)— 
The authors fear that this discussion will lead to some 
confusion on the part of the average reader. Much, but 
not all of this, can be dissipated on the basis of what 
constitutes bainite. This point is considered in detail in 
the text from which the discussers’ Fig. 18 was taken. 

Indeed, there is evidence of enrichment with a tetra- 
gonal split after substantial quantities of bainite have 
formed and sufficient time has elapsed after the end of 
reaction to allow diffusion. However, the authors can- 
not rationalize and have been unable to detect a tetra- 
gonal split under conditions comparable to those indi- 
cated in the discussers’ table. To be sure, the authors’ 
work was conducted on steels of different alloy con- 
tent; however, the essential point is that only small 
amounts of bainite can form at temperatures near, but 
below, B.. 


Etched with nital, repolished, and etched Etched with nital. X500. Area reduced ap- Etched with nital, repolished, and etched 


with alkaline sodium picrate. X500. Area 
reduced approximately 25 pct for reproduc- 
tion. 
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with alkaline sodium picrate. X500. Area re- 
duced approximately 25 pct for reproduction. 


TRANSACTIONS AIME 


1.0 pct C steel, 
Fig. 22—1.5 pct Mo, 1.0 pct C steel, Fig. 23—1.5 pct Mo, 1.0 pct C steel, Fig. 24—1.5 pct Mo, 1.0 pct C steel, 
Pn quenched from 1100° to 560°C for 5 min. quenched from 1100° to 560°C i 


Fig. 25—Gray 
quenched from 1600° 
to 750°F for 11% hr. 


duced approximately 
25 pct for reproduc- * 
tion. 


26—Gray iron, 
quenched from 1600° 
tor /00°F sfor. 


haying lamellar ap- 
pearance. Etched with 
nital. X500. Area re- 
duced approximately 
25 pct for reproduc- 
tion. 
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Fig. 27—Isothermal transformation 
diagram in the bainite range after 
prior holding at 1200°F as indi- 
cated. Total dilatation is an ap- & oc\ 7 vgs Mn= 0.90 
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Aside from the foregoing, a fundamental question is 
concerned with the role of carbon enrichment in con- 
trolling the reaction kinetics. Perhaps the most charac- 
teristic feature of the bainite reaction in alloy steels is 
its inability to transform all of the austenite at temper- 
atures near B,. Frequently, this has been attributed to 
carbon enrichment as the reaction proceeds. It is be- 
lieved, however, that this enrichment is highly local- 
ized around each bainite plate. Thus, as explained in 
detail elsewhere,” such enrichment does not account 
for the temperature dependence of the extent of de- 
composition to bainite. Undoubtedly, the carbon move- 


10 20 30 


TOTAL LENGTH CHANGE AT TRANSFORMATION 
TEMPERATURE .0001 INCH 


ment producing this enrichment is of importance in 
specifying the form of the reaction curve. 


28 KE. P. Klier: Discussion of ref. 5. 

» E. P. Klier: Transformation of Austenite in a Steel Containing 
3 Percent Chromium and 1 Percent Carbon. Trans. AIME (1945) 
162, p. 186; Mrerats TrecHNoLocy (September 1945). 

80 Thesis work with E. P. Klier at Pennsylvania State University, 
completed before 1949. 

31H. Lange and H. Mathieu: On the Progress of Austenite De- 
composition in the Supercooled State in Iron-Nickel-Carbon Alloys. 
Mitteilungen Kaiser-Wilhelm-Institut Eisenforschung (1938) 20, p. 


3e F. Wever and K. Mathieu: On the Transformation in Manga- 
nese Steels. Mitteilungen Kaiser-Wilhelm-Institut Eisenforschung 
(1940) 22, p. 9. 


Some Characteristics of the Isothermal Martensitic Transformation 


by C. H. Shih, B. L. Averbach, and Morris Cohen 


DISCUSSION, E. S. Machlin and J. K. Stanley, 
Chairmen 
R. E. Cech (General Electric Co., Schenectady )—The 
authors have not demonstrated a composition effect on 
the temperature of maximum isothermal nucleation 
frequency (Tn). The values of Tm obtained by Shih, 
Averbach, and Cohen and by Cech and Hollomon*® can 


Table III. Comparison of Data in Which Martensite Occurred 
Primarily Isothermally 


Investigator Reference Alloy Tm 

Shih, Averbach, and Cohen Present 

paper Fe-Ni-Mn — 140°C 
Cech and Hollomon 6 Fe-Ni-Mn — 128°C 
Kurdjumov and Maksimova Fe-C-Mn 
Kurdjumov and Maksimova 1 Fe-C —125°C* 
Kurdjumov and Maksimova 2 Fe-Ni-Mn ees 
Kulin and Speich 4 Fe-Cr-Ni —28°C 


_ * T,, cannot be considered reliable, since one-fifth of the austen- 
ite was removed from the system by athermal transformation prior 
to determination of Tm. 
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be considered in excellent agreement in view of the 
scatter attendant with the experimental measurements. 
The justification for the authors’ conclusion thus rests 
upon the correctness of T,, for their alloy B and the one 
of Kurdjumov and Maksimova.’* Since isothermal 
nucleation of martensite was not measured in alloy B 
at any temperature, the T, has not yet been deter- 
mined. Therefore, it is presumptuous to assign a value 
for T,, in this alloy. 

The Kurdjumov-Maksimova alloy plotted is one 
which had an M, of —17°C and formed as much as 17 
pet martensite athermally on cooling to —47°C (Tn 
for this alloy). Since a large amount of austenite was 
removed from the system by athermal transformation 
above T, it is to be expected that T,, occurs at a higher 
temperature than it would in the absence of prior 
transformation. 

If all the data in which martensite transformation 
occurred primarily isothermally are compared, a quite 
different result appears, Table III. It can be seen that 
in four out of six investigations, T, was found to occur 
between —125° and —140°C. 


C. H. Shih, B. L. Averbach, and Morris Cohen 
(authors’ reply)—Mr. Cech has brought up several in- 


MAY 1955, JOURNAL OF METALS—709 


| 
mA, 


teresting points. He has suggested that the presence of 
prior athermal martensite should raise Tm, the tem- 
perature for the maximum initial rate of isothermal 
martensite formation. In the experiments of Machlin 
and Cohen’ on Fe-Ni alloys, the isothermal martensitic 
transformation was observed after prior cooling to 
liquid nitrogen and also on cooling directly to the re- 
action temperature. In the first instance, the amount of 
athermal martensite was greater, yet the value for T,, 
was lower (150°K) than for the other case (205°K). 
This trend is opposite to that proposed by the discusser, 
although the effects may be different when considering 
alloys with and without athermal martensite. 

It is also interesting to note that T,, is observed to be 
about 50°C below the temperature at which the first 
isothermal martensite is detectable for each of the 
Fe-Ni-Mn alloys, Kurdjumov and Maksimova,’? Cech 
and Hollomon,’ and the authors’ alloy A. This suggests 
that the entire isothermal transformation curve, and 
therefore T;,, changes with composition. 


Kurdjumov and Maksimova do not state explicitly 
that their isothermal run was made with an initial 
martensite content of 17 pct. They used a “critical cool- 
ing rate” of 10°C per min, and report an “M.” of —17°C 
on cooling at this rate. This is certainly not a rapid 
quench and the figure containing their rate data does 
not indicate how their specimens were actually cooled 
to the reaction temperature. It appears that some mar- 
tensite was present at the start of the isothermal trans- 
formation, but the amount is indeterminate and could 
have easily corresponded to the accidental amounts pre- 
vailing in the Cech and Hollomon experiments. 

Perhaps the point for alloy B in Fig. 6 should not 
have been plotted without further explanation. At 
liquid nitrogen temperature, martensite could only be 
formed in this alloy by plastic deformation. The M, is 
thus below this temperature, and the authors assumed 
that Tm is also below this temperature. However, as 
Mr. Cech states, Tn was not determined and there is 
considerable uncertainty as to its magnitude. 


Ordering Reaction of the Cu,Pd Alloy 


by A. H. Geisler and J. B. Newkirk 


DISCUSSION, E. S. Machlin and J. K. Stanley, 
Chairmen 


R. Smoluchowski (Carnegie Institute of Technology, 
Pittsburgh)—The discusser would like to comment on 
the authors’ suggestion that the observed and calcu- 
lated line intensities can be brought into better agree- 
ment with each other when errors, that is, deviations 
from the ideal ordered structure, are taken into ac- 
count. It seems that this is a very interesting and fruit- 
ful procedure but perhaps it would be worthwhile to 
look into it in a somewhat greater detail by consider- 
ing what kind of errors are particularly probable. For 
instance, a particular interchange of atoms of an ideal 
Cu.:Pd structure may lead to the formation of an area 
which locally looks like a Cu;Pd structure. As a conse- 
quence, this particular type of error may be more 
probable than another kind of error which does not 
form a Cu;Pd-like configuration. In that connection, it 
would be very worthwhile to find out whether the Cu;Pd 
structure as observed by Jones and Sykes really exists. 

B. Kiefer and K. Schubert (Max Planck-Institut fur 
Metallforschung, Stuttgart, Germany)—The tetragonal 
distortion of the unit cell in Pd-Cu alloys between 81.5 
and 71.0 atomic pct Cu is of special interest. Therefore, 
the discussers have made an investigation of this sys- 
tem.” Some of the results confirm those of Drs. Geisler 
and Newkirk. With regard to the structure, some dif- 
ferent observations were made, the results of which 
were as follows: 

The alloys show a tetragonal (body-centered) unit 


cell, the a-axes of which are the same as in the sub- 
structure, whereas the c-axis of the cell varies within 
the range of homogeneity. It is 18 times the c-axis of the 
substructure at 81.5 atomic pct Cu and 8 times at 75 
atomic pct Cu. In the intermediate range, the reciprocal 
value of c-axis multiplication varies linearly with con- 
centration. The precise structure is described in a short 
communication.” 

J. B. Newkirk (authors’ reply)—There is no doubt 
that certain types of interchange errors are more prob- 
able than others and a study of the relative probability 
of the different types may provide useful information 
concerning structural relationships between the various 
known ordered lattices. The relationship between the 
proposed Cu:Pd structure and the Jones and Sykes 
Cu:Pd structure is difficult to assess, since the atom 
placement in the ordered Cu;Pd structure was not 
specified by Jones and Sykes.’ They describe the cell 
only as one containing 36 atoms in which A equals 
9.741A (An internal inconsistency is here. They may 
have meant A = 7.865A) and C equals 7.312A. The 
complex array of faint superlattice lines did not yield 
to solution except to prove that the structure was not 
that of ordered CusAu. 

The long cell described by Kiefer and Schubert has 
not been checked. Such a shape is surprising but not 
impossible in the light of the known experimental sup- 
port for the structurally similar CuAu II cell. 


10K. Schubert, B. Kiefer, and M. Wilkens: Ztsch. fiir Natur- 
forschung (1954) 9a, p. 987. 


Mechanism for the Origin of Recrystallization Nuclei 


by John P. Nielsen 


DISCUSSION, E. S. Machlin and J. K. Stanley, 
Chairmen 


R. L. Fullman (General Electric Co., Schenectady )— 
The proposal that the large grain required as a nucleus 
for secondary recrystallization may arise as a result of 
two adjacent grains having very similar orientation 
appears quite plausible, and Professor Nielsen is to be 
congratulated for pointing out this extremely simple 
mechanism. In common with the older hypothesis that 
the large grains are those which nucleated earliest in 
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primary recrystallization, the new theory would lead to 
a secondary preferred orientation identical to a minor 
component of the primary texture. Failure to observe 
this minor component does not invalidate either theory, 
since only an undetectably small fraction of the grains 
need be in the minor component orientation. The aver- 
age grain diameter generally increases by a factor of at 
least ten during secondary recrystallization; hence, 
only one grain in 1000 of the primary grains need oper- 
ate as a secondary recrystallization nucleus, Let F be the 
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ratio—number of adjacent grain pairs that are both 
close enough to a particular orientation to act as a 
single large grain: total number of grains. Then F is 
equal to the fraction f of grains that are sufficiently 
close to the specified orientation times the probability 
that a neighboring grain is also close enough to the 
specified orientation times % (since pairs, not indi- 
vidual grains, are being counted). The probability that 
a neighboring grain is close enough to the specified 
orientation is f times the average number Z of grains 
adjacent to a given grain. Hence 


F = 


ip [1] 


Zis probably of the order 12 to 14, so for F = 0.001, f is 
approximately 0.01. Thus a very sharp minor texture 
component, containing only 1 pct of the grains in the 
primary recrystallization structure, is sufficient to pro- 
vide the required number of secondary recrystalliza- 
tion nuclei. 

The nuclei could also be provided from a texture 
component that is stronger in magnitude but less sharp 
in orientation. Notice that f may be considered as a dis- 
tribution function expressing the fraction of grains in 
various orientations of the primary texture. Similarly, 
F is proportional to the fraction of grain pairs in 
various orientations. If the nuclei for secondary recrys- 
tallization arise from these grain pairs or some selected 
group of them, the fraction of nuclei in various orienta- 
tions is proportional to F, within the range of orienta- 
tions permitted by any selective influences. Since F is 
proportional to f’, the texture of these nuclei must be 
sharper in orientation than the minor texture com- 
ponent from which they arose. 

If Eq. 1 were the only condition governing the abund- 
ance of nuclei in various orientations, the texture of the 
secondary nuclei would merely be a sharpened modi- 
fication of the primary recrystallization texture. Profes- 
sor Nielsen suggests (p. 1087) that one selective in- 
fluence is that the boundary between the members of 
the grain pair must have low free energy relative to the 
boundaries between the pair and their neighbors, in 
order for the pair to act as a single grain in further 
growth. This condition limits the effectiveness of grain 
pairs with the orientation of major texture compon- 
ents, since the grains adjacent to such pairs usually are 
in orientations similar to the pair itself. Low mobility 
of boundaries between similarly oriented grains also 
would prevent grain pairs from major texture com- 
ponents from growing rapidly enough to provide an 
important contribution to the secondary texture. 

On the other hand, the statement on p. 1087, based on 
the von Neumann equation,’ that the driving force for 
growth of the grain pair increases with its misorienta- 
tion relative to the matrix is incorrect. As was pointed 
out on p. 1086, this conclusion is the reverse of the re- 
lationship required by the author’s equation. The dis- 
crepancy arises from application of the von Neumann 
equation to a situation that violates an assumption 
made in its derivation. In contrast to Professor Nielsen’s 
statement that the interfacial free energy « in von 
Neumann’s equation “refers to the boundaries of the 
growing grain exclusively,” it is assumed in the deriva- 
tion of this equation that all boundaries have the same 
interfacial free energy. In order to examine the situa- 
tion with an interfacial free energy oom for the bound- 
aries between grain O and its neighbors and a different 
interfacial free energy omm for the boundaries between 
the neighboring grains, it is necessary to derive a 
modification of the von Neumann equation. 

It is assumed that all boundaries meet at equilibrium 
angles, and the boundaries have the shape of circular 
arcs. (It is not necessary to assume they are equal 
circular arcs, contrary to the statement on p. 1085.) 
The expression will be derived in terms of the rate of 
diffusion of a gas through the boundary walls, this rate 
- being assumed to be proportional to the pressure dif- 
ference Ap across each boundary, times the length of 
the boundary li, summed over all boundaries. (Calcu- 
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lations based on this analogue give identical results to 
more formal treatments involving the rate of change of 
free energy per unit volume swept by a boundary, and 
the boundary permeability K in the analogue calcula- 
tion is identical to the boundary mobility in the more 
formal calculation.) 

The pressure difference across each boundary be- 
tween grain O and one of its neighbors is 


Tom 


Ape [2] 
Ts 


where 7; is the radius of curvature of the ith boundary. 
The length of each boundary between grain O and one 
of its neighbors is 


[3] 


where 6; is the central angle of the circular arc con- 
stituting the ith boundary. The rate of change of the 
grain’s area A is equal to the rate of change of its gas 
content, or the sum of the net rate of gas influx over 
all boundaries. 


dA n n Tom n 
dt 1 Ti 1 


At each corner of grain O, two om boundaries meet 
at an interior angle w, such that 


omm = 20m cos 


[5] 


If straight lines are drawn between adjacent corners 
of grain O, defining a polygon, the interior angles x; 
of the polygon satisfy the relation 


[6] 


The sum of the are central angles =a; is equal to the 
difference n Y — >x:, so the rate of change of area is 


dA Tmm 
— Koom| x(n — 2) — 2ncos* | [7] 
dt Tom 


While Eq. 7 is quantitatively different from Pro- 
fessor Nielsen’s equation (p. 1085), both require that 
the driving force for growth increases with decreasing 
misorientation of the O grain (i.e., decreasing oom), 
with increasing omm, and with increasing n. The limit- 
ing condition for dA/dt to be just positive depends on 
nm and the ratio qd = oom/omm in the same way for both 
equations. This limiting condition is 

1 n(n—2) * 
— = 2 cos ——_—__—__ [8] 
q 2n 

Thus there are no qualitative discrepancies between 
the predictions of equations derived on the assumption 
of straight boundaries (Professor Nielsen’s equations) 
and on the assumption of boundaries in the form of 
circular arcs (von Neumann equation and the modifica- 
tion derived here). 


* A factor of 2 was omitted in the printed version of Professor 
Nielsen’s equation. The driving force for growth should be 
— 2) 
omm 1— cos 
2n 
for the assumptions used in his analysis. 


R. W. Cahn (University of Birmingham, Birming- 
ham, England)—These comments will be restricted to 
the nature of primary recrystallization, examined in 
the light of Professor Nielsen’s challenging theory. 
The writer feels quite sure he is on the right track 
concerning secondary recrystallization, but it is not as 
easy to be sure about the primary process. 

The matter for which this theory does not, the dis- 
cusser feels, adequately account is the role played by 
polygonization in relation to recrystallization. Pro- 
fessor Nielsen proposes that the creation of a “texture” 
through polygonization provides the condition for co- 
alescence. He makes the further postulate that “geo- 
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metrical coalescences . . . must occur at regions where 
the texture has a sharp local deviation, such as where 
extensive inhomogeneous plastic flow has occurred . . .” 
This is indeed what the experimental evidence sug- 
gests; the discusser’s theory of primary nucleation,’ 
and the version of it published by Cottrell,” similarly 
view a polygonization process at sites of deviating 
orientation as the kingpin of the whole sequence. 

It is necessary, however, to reconcile this view of the 
matter with the growing body of evidence which indi- 
cates that polygonization and recrystallization are com- 
peting, rather than casually connected, processes. 

Guinier and Tennevin’s™ studies, by X-ray diffrac- 
tion of high resolving power, of the fine structure of 
worked aluminum as a function of time of annealing, 
led them to characterize polygonization and recrystal- 
lization as competing processes. There was no indica- 
tion that polygonization had to progress to a certain 
point before new grains were formed by recrystalliza- 
tion. 

Lacombe and Berghezan” demonstrated that individ- 
ual grains of various orientations in deformed metal, in 
which polygonization had progressed very far, often 
resisted absorption by a growing primary crystal. 

More recently, Talbot, Beaulieu, and Chaudron™ 
made the remarkable discovery that exceptionally pure 
iron could not be made to recrystallize after cold 
working, because it became polygonized so rapidly 
that the other competing process was forestalled. When 
the iron was contaminated with carbon and polygoniza- 
tion thereby retarded, recrystallization went ahead in 
the normal way and afterward the contamination 
could be removed again. If polygonization were to be 
regarded as a precursor to recrystallization, then any 
factor, such as purity, which favors the one should 
surely favor the other. 

The cited experiments show that the growth of a 
newly created grain into a coarsely polygonized matrix 
is difficult or impossible. Since polygonization is also 
regarded, by Professor Nielsen and others, as being 
necessary for the creation of a new grain, it must be 
argued that polygonization is more rapid at the site of 
nucleation than elsewhere. More precisely, the break- 
down into well defined subgrains is fastest where “the 
texture has a sharp local deviation.” This is reasonable. 

It is not obvious, however, why extensive polygoni- 
zation should impede growth of a new grain. Perhaps 
the texture of subgrains is no longer sharp enough, so 
that the growing grain becomes apt to meet subgrains 
of like orientation to itself, which are known to present 
a barrier. (Just why a grain cannot grow into another 
grain of like orientation is again hard to understand.) 
In any case, this view will not explain the resistance 
to absorption of grains of unlike orientation to the 
growing one. 

It is felt that there is a need to take into account the 
contained energy of cold work, which can be released 
either by polygonization or by recrystallization. The 
tendency in recent theories, including Professor Niel- 
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Fig. 8—Values for the ratio of twin boundary area to grain 
boundary area as a function of grain size for a series of sam- 
ples of 65-35 brass cold worked 91 pct, recrystallized at 
500°C, and then further annealed at 500° or 800°C. 
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sen’s, has been to view the whole complex of anneal- 
ing processes as being determined exclusively by 
geometrical factors. This approach has paid handsome 
dividends in clarifying the driving forces of grain 
growth and secondary recrystallization. The discusser 
is not so sure that it suffices for interpreting primary 
recrystallization. 

Cyril Stanley Smith (Institute for the Study of Met- 
als, University of Chicago, Chicago)—Dr. Nielsen’s sug- 
gestions as to the origin of secondary recrystallization 
nuclei are most interesting. A somewhat similar mech- 
anism was proposed in 1948“ although the low energy 
boundaries were supposed to result from subgrain re- 
orientation. 

If it is assumed that the distribution of bubble shape 
in a two-dimensional froth stays constant with size, 
then the probability that the average two-dimensional 
bubble will make contact with a bubble that it has not 
hitherto encountered will be proportional to the frac- 
tional increase of its area. The total number of new 
contacts that an average grain will have encountered 


on growing from area A: to As» is, therefore, 
42 dA 
If p is independent of the area 
42 dA As 
= 1 9 


This equation was derived by Dr. Ryoichi Kikuchi of 
the Institute for the Study of Metals. An evaluation of 
in a random array should be possible, for it depends 
only on geometry and topology. The relation in three- 
dimensional bubble growth is precisely analogous. 

Although the only bubbles that disappear are the tri- 
angular ones, the net effect of this disappearance is as 
if a hexagonal bubble had been removed. The sum, 
=(n-6)P, must always be effectively zero in a very 
large array. The local departures from a hexagonal 
array (either shortage or superfiuity of sides) are, 
therefore, unaffected by the disappearance of grains, 
and an analysis of the spatial fluctuations of (n-6) in 
an aggregate of small cells should permit a prediction 
of local bubble shape distribution at any larger size 
after growth. If this is combined with the relations of 
von Neumann,’ the stable configuration that would not 
be changed on further growth should be computable. 

To return to microcrystals; it should be noticed that 
the probability of forming a runaway grain by coales- 
cence in a given volume decreases very rapidly with 
grain size, although the fraction of grains that are 
likely so to form stays constant. If the assumption of 
perpetual randomality can be maintained, then the 
process is actually a normal part of grain growth. The 
runaway grains will rapidly consume their neighbors 
and will continue to grow until they come in contact 
with others that have also been rapidly growing. The 
frequency with which they would occur in a random 
aggregate would depend on the orientation difference 
that can be tolerated on coalescence. In practice, of 
course, exact identity or twin formation would be in- 
finitely rare, and such a wide variety of intermediate 
boundaries are possible that the effect could hardly be 
distinguished from simple froth growth due to size 
difference alone. 

It is interesting to consider the role of these growth 
accidents in the formation of annealing twins. Burke” 
and Fullman and Fisher™ have suggested that growth 
accidents can give rise to twin orientations by a niuclea- 
tion process, which avoids the statistically improbable 
contact of grains in exactly twin orientations. The ef- 
fective probability of producing a new twin on grain 
growth should then be proportional to the number of 
contacts with new grains and should follow Eq. 9 given 
previously. Support for this view is supplied by data 
recently obtained by Dr. Hsun Hu at the Institute for 
the Study of Metals. Fig. 8 shows his values for the 
ratio of twin boundary area to grain boundary area 
(proportional to the number of twins per grain if shape 
does not change) as a function of grain size for a series 
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of samples of 65-35 brass cold worked 91 pet, recrys- 

tallized at 500°C, and then further annealed at 500° or 

800°C. At each temperature the number of twins in- 

ie lineally with Log D and, therefore, as Log 
0. 

Since such a twin will be formed only in order to 
produce a lower energy boundary, it would be expected 
to increase the probability of forming runaway grains. 
In practice the very opposite is observed; materials 
that form annealing twins are less prone than others 
to form large grains by secondary recrystallization. 
Such grains are, indeed, unknown in brass or austenitic 
steels, yet they are easily produced in aluminum, fer- 
ritic steel, and most hexagonal metals. No explana- 
tion of this is offered. 

Finally, it should be remembered when considering 
grain boundary migration that a boundary is not 
uniquely defined by the orientations involved. The 
boundary structure that corresponds to minimum en- 
ergy can be changed by adding any number of vacan- 
cies and/or cancelling pairs of dislocations of oppo- 
site signs. If a boundary remains in the same location, 
it can relax to the equilibrium low energy form as a 
result of diffusion and escape of vacancies to the sur- 
face of the piece. If it is moving it cannot do this, par- 
ticularly since motion itself will produce excess vacan- 
cies both from a decrease in area of the boundary or 
as a result of sweeping through imperfections or micro- 
porosity. Obviously grain boundaries reaching the 
surface of a piece can relax more easily and quickly 
achieve a low mobility configuration. Those bound- 
aries distant from the surface will have a continued 
supply of vacancies as long as grain growth is oc- 
curring. 

It is suggested that this is the principal cause of the 
slowing of grain growth as grains become larger or 
commensurate with the size of the specimen, as well 
as for the exasperating immobility of bicrystal bound- 
aries under ordinary curvature forces. Diffusion to the 
surface of vacancies resulting from the solution of mi- 
croporosity may be the reason for the formation of dis- 
continuous surface grooves on annealing. 


C. G. Dunn (General Electric Co., Pittsfield, Mass.) 
—Although the author points out reasons why “geo- 
metric coalescence” should not occur as readily in 
structures with severe (i.e., strong) textures as in ones 
with intermediate textures, he has wrongly stated, for 
the case of secondary recrystallization and the origin 
of secondary recrystallization nuclei, that the strong 
texture will increase the probability of two grains 
meeting with close orientation. The probability under 
question should apply to the nuclei, which are in de- 
viating orientations from the matrix texture. It fol- 
lows that this probability decreases with increase in 
sharpness of the matrix texture, since the number of 
grains in deviating orientation actually decreases. 

A second error made in the paper involves the use 
of the von Neumann equation to a case involving tex- 
ture. The von Neumann equation is based on one con- 
stant specific energy, but grain boundary energy is 
variable when a texture is present. Arguing from the 
von Neumann equation and a supposedly high driving 
energy, the author concludes that increasing o in the 
boundary of the growing grain will increase the growth 
rate, but this implication is wrong in spite of the fact 
that growth rate of a secondary grain actually does 
increase. The energy for growth comes from the sur- 
rounding matrix—not from the energy in the boundary 
of the growing grain—and the driving energy actually 
decreases with increasing oc, since more energy is Tree 
quired to form the boundary of the enlarging grain. 
The reason for the increased growth rate is that mo- 
bility of atom movements increases with increasing ¢ 
and this more than offsets the loss in driving energy. 

Finally regarding evidence supporting the mech- 
anism proposed by Professor Nielsen—evidence, it 
should be said, for its occurrence late in the growth 
process—the discusser would like to cite a few obser- 
vations obtained in the course of preparing single 
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crystals of silicon iron. Some of these observations 
that have been published“ show increased disorienta- 
tion with growth distance, the disorientations being 
of the order of a degree or two. 

Using special macro-etch techniques and suitable 
illumination, areas of different orientation can be de- 
lineated. Such areas show the positions of the start 
of growth of subgrains differing in orientation by a 
degree or two. Although delineated areas involving 
smaller disorientations are much harder to observe, 
the surprising thing is the low number seen in the 1° 
to 2° range. To date such subgrains or substructures 
have been observed in single crystals produced from 
polycrystalline materials using the strain-anneal meth- 
od for two cases: 1—orientations favorable to growth, 
and 2—orientations unfavorable to good growth. Sim- 
ilar substructures also have been observed in second- 
ary recrystallization. 

Recently a different method of producing such sub- 
structures was noted. A cold-rolled single crystal was 
observed to recrystallize to another single crystal about 
30° from the initial orientation, but having several 
areas of small disorientation. This case appears to in- 
volve interactions of polygonized subgrains and pri- 
maries formed in the early stages of recrystallization, 
but this phenomenon is still under study. 

Further work is needed in these areas to clarify the 
picture, but it seems, in view of the rather low ob- 
served frequency of disorientations in the 1° to 2° 
range, that something in addition to the low o bound- 
ary interaction effect proposed by Professor Nielsen 
may be involved. 

John P. Nielsen (author’s reply)—The problem of 
the density of geometrical coalescences in a given 
matrix and the texture of the resulting recrystalliza- 
tion grains is a difficult one to solve and Dr. Fullman’s 
preliminary calculations are welcome contributions. 
In his Eq. 1, the quantity is difficult to evaluate. In a 
primary recrystallized structure before grain growth 
has progressed very far, a fraction of the grains pres- 
ent is already of the complex grain type, i.e., composed 
of subgrains, as a result of chance coalescences in the 
original system of contacts of recrystallization grains 
growing in the unrecrystallized matrix. Subsequent 
geometrical coalescences must come from new grain 
contacts other than with the immediate neighbors. 
Thus there are two series of coalescences. The first 
series probably obeys Eq. 1 and blends with normal 
grain growth following recrystallization. The second 
series probably obeys Eq. 1 in which it has a low but 
increasing value with grain growth, i.e., as new grain 
contacts increase. The second series probably consti- 
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Fig. 9—Free energy coefficient plotted against number of sides, n, 
of the growing grain in a nongrowing idealized two-dimensional 
grain boundary matrix. R and r are the average radius vectors from 
the grain center to the vertices of the growing grain and the matrix 
grains, respectively, and q is the ratio oom/omm, where om repre- 
sents the average boundary of the 0 grain and mm the matrix 
grain boundaries. 
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tutes the nucleation of secondary grains, particularly 
if the normal grain growth after recrystallization has 
been retarded for some reason or other. 

The author agrees with Dr. Fullman that there was 
an oversight on his part in concluding that the 
von Neumann equation cited is qualitatively opposed 
to his equation for the driving force of a complex 
grain. The author had overlooked the fact that the 
inward curvature of the growing grain would increase 
aS omm Would increase relative to oom. Fig. 9 shows how 
the driving energy coefficient (the bracketed portion 
of Dr. Fullman’s Eq. 7 and of the equation given in 
the footnote of his discussion) increases with the rela- 
tive size of the growing grain or its number of sides 
in a flat grain network for different q values. The 
author also appreciates that Dr. Fullman called his 
attention to the factor of 2 left out in one of the equa- 
tions in the printed version. 

Dr. Cahn takes issue, and rightly so, on the question 
of the applicability of the geometrical coalescence 
mechanism for the origin of primary recrystallization. 
The author is less sure of the matrix that exists sur- 
rounding the primary recrystallization nuclei than of 
the matrix surrounding secondary nuclei. However, 
the author wonders if his objection does not lack forti- 
fication. To be sure, polygonization in very pure metals 
can develop to such an extent that recrystallization 
does not take place. However, the precise analogy is 
had in secondary recrystallization. If grain growth is 
not retarded by a sharp texture, or by insoluble im- 
purities in the grain boundaries, then normal grain 
growth overtakes any secondary recrystallization that 
tends to take place. In the author’s view, polygoniza- 
tion always takes place before recrystallization on 
annealing a cold-worked metal, and recrystallization 
takes place at a later stage if, as is usually the case, 
the growth of the “polygons” is retarded, say, by 
foreign atoms or constituents lodged in the boundaries 
of the polygonized structure. 

Dr. Smith presents some interesting and perhaps 
useful ideas in showing how foam cells should theo- 
retically array themselves on growth in a fixed foam 
volume. Some observations might be made in this 
connection. As everyone is well aware, grain bound- 
aries may vary immensely in their respective free 
energy values, and except for occasional punctures, 
foam cells do not coalesce. These two facts make grain 
boundary dynamics much more complex than the dy- 
namics of foam structures. Incidentally, in liquid- 
liquid systems, e.g., oil globules in a suitable alcohol- 
water solution, coalescence is very common and the 
occurrence of “runaway” cells, as Dr. Smith would 
perhaps call them, appear to be quite analogous to the 
runaway grains that constitute secondary recrystal- 
lization. The author agrees that the mechanisms de- 
scribed for the origin and growth of the secondary 
grains are merely a part of normal behavior in bound- 
ary dynamics, but they are distinct from normal grain 
growth in which a macroscopic continuous grain 
growth washes out the discontinuous aspects of grain 
growth. 

Regarding Dr. Smith’s reference to twin formation 


on chance encounters of suitably oriented grains, it 
should be pointed out that in the paper the author had 
not intended to imply that coalescences are responsi- 
ble for twins. Two grains on meeting might be ap- 
proximately twin related and therefore they could 
coalesce geometrically because of the low energy of 
the new boundary formed. This, however, is not a 
twin boundary in the ordinary sense in which two 
parts of the twin are precisely twin related. The twin 
boundaries that are formed by nucleation as suggested 
by Fullman et al. are very low in energy to be sure, but 
since they do not come into being by the meeting of 
two normal size grains at a point, they are not part of 
a coalescence process. The fact that austenite and 
brass do not exhibit secondary recrystallization abun- 
dantly may be due to the general lowering of the 
grain boundary energy level on alloying and to the 
relatively small anisotropy of boundary energies in 
cubic metals (as against hexagonal metals). This still 
leaves the silicon iron behavior unexplained. Perhaps 
silicon has the unique property of raising the grain 
boundary energy level for a iron. The references to 
factors that affect grain energies other than orienta- 
tion are indeed interesting and it is agreed that they 
must always be kept in mind in dealing with grain 
boundary dynamics. 

Referring to Dr. Dunn’s first paragraph, the author 
has not been able to locate the conflicting statements 
he refers to. The second paragraph refers to an error 
made in interpreting the von Neumann equation and 
which is also pointed out in Dr. Fullman’s discussion. 

The author is pleased that Dr. Dunn describes some 
evidence supporting the geometrical coalescence mech- 
anism as probably having occurred in single crystal 
growth by the strain-anneal method. It is agreed that 
considerably more evidence will be needed before 
grain boundary interactions are fully understood. The 
mechanism proposed in the paper does not exclude 
other possible mechanisms for the origin of recrystal- 
lization. However, the author does feel that the high 
degree of nonequilibrium in grain boundary geomet- 
ries that must occur when two grains of nearly identi- 
cal orientation meet by chance must be of some pri- 
mary significance in grain boundary interactions. Ac- 
tivation energies must play only a minor role, for they 
can contribute to no boundary migration if equilib- 
rium, or low driving energy, exists. 


®R. W. Cahn: A Theory of Recrystallization Nuclei. Proceedings 
Physical Soc., London (1950) 638A, p. 323. 
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Some Observations on Grain Boundary Shearing During Creep 


by Bernard Fazan, Oleg D. Sherby, and John E. Dorn 


DISCUSSION, H. E. Howe and G. A. Timmons, 
Chairmen 

R. W. Guard (General Electric Co., Schenectady )— 
The measurements on the contribution of grain bound- 
ary deformation processes to creep presented in this 
paper make an important contribution to the phenom- 
enology of creep deformation. Of particular interest is 
the proposal that is given in the following equation 


fa (0) + foo (0). [5] 
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If the grain boundary shearing is strongly dependent 
on grain deformation as the authors suggest, the con- 
tribution to the strain would not be expected to be 
independent and additive as proposed in Eqs. 1 (of the 
paper) and 5. 

Some measurements given by McLean” on grain 
boundary migration give a value of AH of 29,000 cal. 
Is this difference of 20 to 25 pct from the values the 
authors observe within experimental error? 


TRANSACTIONS AIME 


It is mentioned that a great deal of scatter was ob- 
served in making measurements of k. Would the 
authors care to indicate a probable error in the value 


of k? Also, what proportion of the values of k used in 
the average were zero and what fraction negative, i.e., 
gave negative strain? 


B. Fazan, O. D. Sherby, and J. E. Dorn (authors’ 
reply)—The authors wish to thank Dr. Guard for his 
contributions to their paper. The apparent validity of 
Eq. 5, as revealed in the text of this paper, suggests 
that motion of dislocations as well as grain boundary 
shearing depends on the same @ parameter and there- 
fore the same activation energy, namely, that for self- 
diffusion. Insofar as this might be correct, the two 
phenomena of grain deformation and grain boundary 
shearing are related and therefore to this extent inter- 


dependent. Additional suggestions of such correlations 
are revealed again in a recent paper by McLean“ where 
it is shown that e,»/e: is constant over primary creep. 
Since this ratio is constant, the additive relationship of 
Eq. 5 is possible. 

Dr. Guard is apparently comparing the AH obtained 
for McLean’s data on grain boundary migration with 
the AH the authors obtained by the uniquely dissimilar 
process of grain boundary shearing. These are two 
different mechanisms and grain boundary migration 
per se does not contribute to the creep strain except 
insofar as it might, on occasions, permit grain bound- 
ary shearing. 


18D, McLean: Note on Boundary Migration during Creep. Nature 
(1953) No. 4372, p. 301. 

4D. McLean: Journal Inst. of Metals (1954-1955) 83, preprint 
No. 1558. 


Creep-Rupture Characteristics of Al-Mg Solid-Solution Alloys 


by Arthur W. Mullendore and Nicholas J. Grant 


DISCUSSION, H. E. Howe and G. A. Timmons, 
Chairmen 


C. S. Roberts (The Dow Chemical Co., Midland, 
Mich.)—The results of this interesting work are similar 
in several respects to those which the discusser ob- 
tained in studying the creep of solid solutions of alum- 
inum in magnesium. The importance of grain boundary 
deformation was also reaffirmed by this work. The 
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Fig. 17—Mg-2.0 pct 
Al alloy after 4.5 pct 
creep at 500°F and 
1500 psi. The stress 
axis yertical. 
X500. Area reduced 
approximately 35 pct 
for reproduction. 


accompanying micrographs (Figs. 17 and 18) show 
evidence of nonequilibrium boundary migration similar 
to that shown in Fig. 11b in the authors’ paper. The 
alloys contained 2.0 and 6.2 pct Al, all of which was 
soluble at the test temperatures. The migration acts 
in conjunction with sliding in these cases as in the 
normal case. The Mg-2.0 pct Al alloy showed this be- 
havior only occasionally, whereas the Mg-6.2 pct Al 
alloy showed it profusely. 


or 


4 


Fig. 18—Mg-6.2 pct 
Al alloy after 7.5 
pct creep at 600°F 
and 4000 psi. The 
stress axis was yerti- 
cal. X500. Area re- 
duced approximately 
35 pct for reproduc- 
tion. 


Creep Behavior of Magnesium-Cerium Alloys 


by C. S. Roberts 


DISCUSSION, H. E. Howe and G. A. Timmons, 
Chairmen 


R. W. Guard (General Electric Co., Schenectady )— 
A detailed knowledge of the mechanisms by which 
alloying elements work their effects in simple systems 
is very valuable. This paper presents work on a sys- 
tem which has practical value as well. ‘There are 
several questions about the results which might clarify 
certain of the results. 

1—While realizing that it is necessary to use widely 
different ereep stresses as the temperature Is changed, 
how can the author be sure that the changes in curve 
shape attributed to temperature are not the result of us- 
ing much lower stresses at the higher temperatures? If 
the tensile stress-strain properties of the same alloys 
were available, some light might be thrown on the 
behavior at low strains. 

- 29__'To what extent would changes in particle size and 
distribution account for the “tertiary” cveep observed 
at lower temperatures? 


TRANSACTIONS AIME 


3—Is there any other basis for postulating that prop- 
agation of nonbasal slip is a low energy process? 

C. S. Roberts (author’s reply)—The first question 
raised by Dr. Guard is certainly an important one. It is 
generally held that creep-curve shape is a function of 
both temperature and stress. Proof of the separate in- 
fluence of stress in the range studied has not been at- 
tempted. However, the author does not wish to infer that 
the stress variable is insignificant. It certainly is impor- 
tant. The basis of the emphasis on the importance of tem- 
perature is the fact that, when overlap of the two 
variables did occur, curves at the same stress level but 
different temperatures had significantly different 
shapes. 

In answer to the second question, it could be said 
that, because of the aging at 400°F, changes in precipi- 
tate size and distribution would be relatively unim- 
portant at lower temperatures. However, at 500° and 
600°F, concurrent continuation of the precipitation re- 
action may have some control on the deformation mech- 
anisms observed. 
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At present the author is working on a model which 
promises to give a better basis than those already cited 
for the high energy requirement of initiation and low 


energy demand for continuation of nonbasal slip. 
However, it is not yet in sufficiently finished form for 
presentation. 


Correlation Between Microstructure and Resistivity of Transforming Ti-Mn Alloys 
by D. J. DeLazaro and D. W. Levinson 


DISCUSSION, H. D. Kessler and Harold Margolin, 
Chairmen 


Dean N. Williams (Battelle Memorial Institute, 
Columbus, Ohio)—The authors of this paper have 
shown that the 6/a+£ transformation of a B-stabilized 
titanium alloy can be followed quite successfully 
through the use of electrical resistance measurements. 
They are to be congratulated for the application of this 
method to the study of titanium alloys. It should prove 
to be a useful tool for those now engaged in studies of 
the transformation kinetics of titanium alloys using 
standard metallographic techniques. 

Since their work will no doubt stimulate studies of 
other f-stabilized alloys using the resistance method, it 
might be well to point out at this time that the trans- 
formation rate variations found when comparing 
quenched and reheated material with isothermally 
transformed material are not unexpected. These varia- 
tions are due to the nature of transformation and are 
not a result of the method of measurement. 

The occurrence of a C-type TTT curve, such as that 
often observed in the transformation in 
stabilized titanium alloys, is due to the inversely re- 
lated rate-controlling factors of nuclei formation and 
particle growth. At high temperatures the reaction rate 
is controlled chiefly by the nucleation rate, since par- 
ticle growth is quite rapid. The opposite is true at low 
temperatures where the retarded particle growth rate 
(slow diffusion rate) is the rate-controlling factor. The 
nose of the C curve occurs at the point where the nucle- 
ation rate and particle growth rate are ideally bal- 
anced. 

Quenching to room temperature and reheating above 
the nose of the C curve has a marked accelerating effect 
on the transformation, since the nuclei formed during 
the quench are partially retained. Quenching to room 
temperature and reheating below the nose of the C 
curve has little effect on the transformation rate, how- 
ever, since in this region the particle growth rate and 
not the number of available nuclei is the controlling 
factor. 

The effectiveness of a water quench in increasing 
the available nuclei is readily apparent when com- 
paring Fig. 6b (mistitled 6c) with Fig. 8a and Fig. 7c 
with Fig. 8b. The microstructures of the isothermally 
transformed samples show only a few fairly large a 
particles. The microstructures of the quenched and re- 
heated samples, on the other hand, show an extensive 
precipitation of fine a particles. 

Differences in the resistance-time curves of quenched 
and reheated material and isothermally annealed mate- 
rial were found in the 6 pct Mn alloy transformed be- 
low the nose of the C curve. These differences were no 
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Fig. 9—TTT curve for Ti-6 pct Mn alloy. 
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doubt due to the slowness of the lead-bath quench com- 
bined with the rapidity with which the 6 pct Mn alloy 
transforms at its critical temperature. The test results 
indicate that a large amount, if not all, of the trans- 
formation of the isothermally annealed material oc- 
curred during the quench to the isothermal annealing 
temperature. 

F. R. Brotzen and E. L. Harmon, Jr. (Rice Institute, 
Houston, and Case Institute of Technology, Cleveland, 
respectively)—The authors’ paper is a welcome addi- 
tion to the growing fund of information on the iso- 
thermal transformation behavior of titanium-base 
alloys. 

It is gratifying to note that the authors’ electrical 
resistivity results are in close agreement with work 
conducted at Case Institute of Technology on the de- 
composition of metastable 6 in the Ti-V system. This 
investigation’ revealed that the transition phase, w, was 
the initial 6 decomposition product at relatively low 
temperatures in titanium alloys containing from 12.5 to 
20 pct V. The formation of wm was accompanied by a 
decrease in electrical resistivity. Its disappearance and 
the simultaneous formation of a were associated with a 
further drop in resistivity. 

Time-temperature-transformation diagrams  deter- 
mined by dilatometric and metallographic studies and 
X-ray diffraction revealed a typical C-shaped curve 
describing the beginning of a precipitation. In addition, 
a curve denoting the formation of wo was obtained at 
temperatures below about 430°C. Increasing vanadium 
content shifted the “nose” of this » transformation 
curve to longer times. For those alloys in which o 
could not be suppressed by rapid quenching, subse- 
quent reheating formed additional w at temperatures up 
to about 500°C and resulted in postponing the precipi- 
tation of equilibrium a at temperatures up to about 

In view of the discussers’ results, the initial decrease 
in resistivity of the 6 pct Mn alloy when reheated to 
500°C, Fig. 2 in the text, can be interpreted as due to 
the formation of o. 

At 400°C, each of the alloys, Figs. 2 and 3, appears 
to have formed w in both the isothermally treated and 
the quenched and reheated conditions. 

The absence of w in the 10 pct Mn specimen reheated 
to 500°C implies that the w transformation was delayed 
sufficiently to allow quenching and reheating without 
passing through the “nose” of the TTT curve. The close 
similarity in shape-and form of the isothermally trans- 
formed and the quenched and reheated curves for the 
400°C treatment confirms the tardiness of the w re- 
action in this alloy. 

Because the 6 pct Mn alloy appeared to form w 
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upon reheating to 500°C but not upon direct quenching 
to that temperature, the minimum incubation time for 
@ transformation was probably extremely short. That 
1s, » must have formed during the quench and reheat 
treatment resulting in the formation of more w at a 
temperature where it would never exist upon direct 
isothermal quenching. Another possibility which must 
not be neglected is that small amounts of « may have 
formed during the relatively slow isothermal quench to 
500°C, preventing subsequent transformation to w. The 
behavior of the 6 pct Mn alloy was similar to that 
observed in a 12.5 and a 15 pct V alloy. 

Interpreting the authors’ data in this manner would 
yield TTT diagrams which illustrate the beginning of 
the w reaction in addition to describing the precipita- 
tion of a. The writers’ concepts of these complete TTT 
diagrams are presented in Figs. 9 and 10. 


D. J. DeLazaro and D. W. Levinson (authors’ reply )— 
The points raised by Dr. Williams are well taken and 
are appropriate to the text of the paper. It is certainly 
of prime importance in any study of transformation 
kinetics to take cognizance of the nucleation which oc- 
curs during cooling. Attention may be drawn to the 
500°C transformation curves for the Ti-6 pct Mn alloy 
(Fig. 6) in which the quench and reheat-type heat 
treatment produces a resistivity curve characteristic of 


the rejection of w from B as shown in this discussion, 
and subsequently in a publication,? by Brotzen and 
Harmon. Since the isothermally transformed Ti-6 pet 
Mn alloy (Fig. 6) gives evidence of “normal” rejection 
of proeutectoid a from 8, it is evident that the nuclei of 
® produced during the quench to room temperature of 
the quenched and reheated sample grew at 500°C in 
preference to, or faster than, the nuclei of a. Since the 
plateaus in the resistivity curves of quenched and re- 
heated samples were not observed for temperatures 
higher than 500°C, similarly it may be concluded that 
the nuclei must either transform too rapidly to be 
observed at temperatures higher than 500°C or, what 
is more likely, simply redissolve in g. There are less 
obvious indications of the same process operating for 
the Ti-10 pet Mn alloy (Fig. 3). 

The interpretations shown in Figs. 9 and 10 of 
Brotzen and Harmon’s discussion are certainly to be 
preferred and it is gratifying to find definitive work in 
this temperature range which verifies the authors’ 
suspicions regarding the origin of the resistivity 
plateaus and the resulting irregularity in the TTT 
curve for the Ti-10 pct Mn alloy. 


5F. R. Brotzen, E. L. Harmon, Jr., and A. R. Troiano: Decompo- 
sition of Beta Titanium. Trans. AIME (1955) 203, pp. 413-419; 
JOURNAL OF MeETALs (February 1955). 


Mechanical Properties of Alpha Titanium as Affected by Structure and Composition 


by R. |. Jaffee, F. C. Holden, and H. R. Ogden 


DISCUSSION, H. D. Kessler and Harold Margolin, 
Chairmen 

L. D. Jaffe (Jet Propulsion Laboratory, California 
Institute of Technology, Pasadena, Calif.)—Some of the 
microstructures shown in this paper may be clarified 
by considering the relation between the “acicular” and 
the “serrated” microstructures. If high purity titanium 
is cooled from the £ field either rapidly or slowly, a 
presumably forms from the gp as groups of parallel 
platelets of similar orientation. The etch used does not 
bring out the low angle boundaries between the plate- 
lets and so only their ends (high angle boundaries) 
etch. Each group of platelets then appears as a “ser- 
rated a grain,” Fig. 2. 

If aluminum is present, it does not have time to seg- 
regate during quenching, so the quenched structure of 
the Ti-Al alloys is “serrated,” like unalloyed titanium, 
Fig. 4b. During slow cooling, however, there is time 
for some diffusion of aluminum to occur during the 
g-a transformation. This results in concentration differ- 
ences between center and boundaries of the a plate- 
lets; the low rate of aluminum diffusion at lower tem- 
peratures prevents these differences from equalizing 
after 6 has disappeared. Because of these concentration 
differences, the boundaries between a platelets are 
attacked by the etch, giving an “acicular” appearance, 
Fig. 4c. 

Th Ti-N alloys, nitrogen probably diffuses fast enough 
to segregate to some extent during f-a transformation 
even on quenching, so platelet boundaries etch in 
quenched Ti-N alloys, giving a somewhat acicular 
microstructure, Fig. 6a. When these alloys are slow 
cooled, there is time after completion of the trans- 
formation for the segregated dissolved nitrogen to 
redistribute itself uniformly. The low angle boundaries 
then do not etch, giving a “serrated” appearance, Fig. 
7a. (The slow cool here also permits the serrations to 
smooth.) 

Hydrogen apparently behaves somewhat similarly to 
nitrogen, with the added feature that segregation of 
hydrogen to platelet boundaries leads to precipitation 
-of hydride there, accentuating the acicularity and 
“basket weave” microstructure, as the authors point 


out. 


TRANSACTIONS AIME 


Frank A. Crossley (Armour Research Foundation, 
Chicago)—The Ti-0.29 pet N alloy quenched from 
1010°C is treated as though 1010°C placed it in the all 
B field. The preponderance of evidence argues that the 
0.29 pct N alloy was not placed in the all g field by 
heating to 1010°C. The evidence is as follows: 

1—The statement made by the authors that the 6 
field was not bracketed for the Ti-0.29 pct N alloy; but 
as quenched from 1010°C, the structure was estimated 
to be over 95 pct Bp. 

2—Work of Jaffee, Ogden, and Maykuth and work by 
Palty, Margolin, and Nielsen on the effect of nitrogen 
on the transformation of iodide titanium indicates that 
the 0.29 pct N alloy is in the a-g field at 1010°C. 

3—Fig. 7d indicates that the alloy was still in the 
a-B8 field when quenched from 1010°C. 

In the light of these evidences, it is considered that 
the fine grain size exhibited by the Ti-0.29 pct N alloy 
quenched from 1010°C is due to the inhibition to grain 
growth caused by the small amount of a present. 

Relative to the explanation of yield point phenom- 
enon in the Ti-N alloys as annealed in the a field and 
absence of it when the alloys are annealed in the a-g 
field, the authors state that, “If 6 heat treatments do not 
show the yield point, it follows that whatever was caus- 
ing strain aging has already precipitated.” What strain 
aging are the authors discussing? Yield point phenom- 
enon is not identical to strain aging and it is not associ- 
ated with precipitation. Yield point phenomenon re- 
sults from segregation of solute atoms around dis- 
locations. The use of the word “precipitation” is un- 
warranted in the context in which the authors use it. 

Also there is no reason to suppose that an agent 
soluble in a is insoluble in 6 at temperatures in the 
vicinity of 1000°C. Nitrogen in the amounts present in 
the alloys under discussion certainly is, and other 
elements should be present to only a very small extent 
in these binary iodide titanium-base alloys. Further- 
more, there is no reason to suppose that equiaxed a 
resulting from an anneal high in the a field will dis- 
solve more of an agent than a resulting from £ trans- 
formation on cooling. 

A more likely explanation is the following: The a 
annealed Ti-N alloys are strengthened by the Suzuki 
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mechanism of solid-solution hardening applicable to 
close-packed metals. This mechanism relies upon the 
dissociation of dislocations in close-packed planes of 
face-centered-cubic and close-packed-hexagonal struc- 
tures. This type of hardening does not occur in body- 
centered-cubic solid solutions. Since the establishment 
of conditions to give rise to Suzuki hardening is dif- 
fusion dependent, it is probable that Ti-N alloys heated 
to predominantly g structures do not show the yield 
point phenomenon, as there is not sufficient time during 
the cooling from £ to the a phase field to establish the 
necessary conditions. 

R. I. Jaffee, F. C. Holden, and H. R. Ogden (authors’ 
reply)—The authors are grateful to Drs. Crossley and 
Jaffe for their fine discussions which add greatly to the 
interpretation of the experimental results. 

Dr. Jaffe’s explanation of relative acicularity caused 
by substitutional and interstitial solutes in the 
quenched and furnace-cooled a alloys appears to the 
authors to be entirely correct. Dr. Crossley also is cor- 


rect in pointing out that, according to the presently 
accepted view, the yield point is not associated with 
precipitation, but with segregation of the solute atoms 
to preferred sites. His further discussion of the yield 
point in terms of the Suzuki mechanism is a valuable 
addition. 

Dr. Crossley’s discussion of the § grain size of the 
Ti-0.29 pct N alloy heat treated at 1010°C appears to be 
aimed at the conclusion that the gs grain growth is 
faster when aluminum is present than when nitrogen 
is present. The authors agree that a small amount of a 
is remarkably effective in restricting 8 grain growth 
and that the Ti-0.29 pct N alloy, as shown in Fig. 6b, 
had a small amount of a phase present. The conclusion 
was not based on this result, but on the result found 
for the -treated Ti-0.07 pct N alloy and observations 
on other interstitial alloys not described in the paper. 


Note: On p. 1283, Fig. la and b were transposed. Fig. la is b 
and Fig. 1b is a. Trans. AIME (1954) 200, pp. 1282-1290; JourNaL 
or Merats (November 1954). 


Phase Transformations in Titanium-Rich Alloys of Iron and Titanium 


by D. H. Polonis and J. Gordon Parr 


DISCUSSION, H. D. Kessler and Harold Margolin, 
Chairmen 


R. J. Van Thyne (Armour Research Foundation, 
Chicago)—The authors make several observations that 
are not in accord with the equilibrium relationships 
independently determined by several investigators. No 
doubt a portion of the differences may be attributed to 
contamination of powder samples used by the authors 
and they do admit to a degree of contamination. Hard- 
ening of as-cast unalloyed titanium is probably due to 
contamination rather than cooling rate. 

The authors place the eutectoid temperature at 625°C 
using a Ti-12 atomic pct Fe alloy. The fact that this 
temperature is higher than the accepted one may be 
explained, as it is known that even slight amounts of 
contamination have pronounced effects on raising the 
eutectoid temperature. In the writer’s work, no eutec- 
toid decomposition was observed in samples annealed 
at 600°C for one month, and the eutectoid temperature 
was located between 575° and 600°C.° In the present 
work, @ was observed in alloys containing up to 12 
atomic pct Fe. However, other investigators including 
the discusser, have found that 4 pct Fe fully retains the 
B phase. These differences are difficult to compromise. 

The writer was unable to observe the reported phase 
Ti.Fe in uncontaminated samples using X-ray and 
metallographic techniques. When the phase diagram 
studies were undertaken, it was thought that TiFe 
might form by a sluggish peritectic reaction. For this 
reason, an arc-melted 36 wt pct Fe alloy was very slowly 
cooled after remelting in a graphite crucible. The 
microstructure of this alloy did not show any peritectic 
wall around the primary TiFe as might be expected if 
the reported TisFe phase does exist. As the authors 
suggest in their paper, samples of small arc-cast ingots 
were annealed at 1000°C for several days. The phase 
Ti.Fe was not observed. However, it has been demon- 
strated that the ternary phase TiFe,O does exist.* 


L. D. Jaffe (Jet Propulsion Laboratory, California 
Institute of Technology, Pasadena, Calif.)—The pres- 
ence of a’ in quenched alloys up to 12 pct Fe, and the 
absence of a hardness peak near 5 pct Fe, suggest that 
the authors were more successful than Worner in 
avoiding formation of fp’ during quenching. The 
lower oxygen content of the authors’ alloys, and their 
probably higher cooling rate, would reduce the likeli- 
hood that hard p’ would nucleate and grow.” Preven- 
tion of p’ formation would avoid the accompanying de- 
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pression of MM.“ to below room temperature that prob- 
ably occurred in Worner’s work. 

The authors’ metallographic technique for determin- 
ing M, fails to take into account that remaining 8 may 
transform isothermally to a just as well below the M, 
as above it. Since the technique provides no means of 
distinguishing martensite formed on cooling to the 
holding temperature from that formed subsequently on 
cooling to room temperature, it does not appear to be 
valid. The true M, temperatures are probably much 
higher than those reported by the authors. 

Appearance of the FeTi phase in less than an hour 
at 570°C in the alloys containing over 8 pct Fe is inter- 
esting. This relatively rapid formation of the inter- 
mediate phase in the Ti-Fe system is probably the cause 
of the rather poor toughness encountered in titanium- 
base alloys of commercial purity, which contain more 
than about 5 pct Fe, and suggests that the use of iron 
even in lower percentages may be undesirable in such 
materials. 

D. H. Polonis and J. Gordon Parr (authors’ reply)— 
The authors are intrigued that Dr. Van Thyne criticizes 
them for using contaminated specimens while he 
quotes the results he obtained by melting an alloy in a 
graphite crucible. It is certain that TisFe occurs as an 
equilibrium phase in Ti-Fe alloys, but so far ternary 
alloys with carbon have not been investigated. It is 
understood that work carried out at New York Uni- 
versity confirms the authors’ results. Of course, as Dr. 
Van Thyne points out, the authors do admit their alloys 
were contaminated, since some contamination is inevi- 
table. Estimates of oxygen and nitrogen pickup are 
given in the paper, and these compare very favorably 
Be figures given by other workers who publish such 

ata. 

The differences between the behavior of the authors’ 
alloys and those of other workers is, as Dr. Jaffe sug- 
gests, probably due to the effect of specimen size and— 
they like to believe—also to the purity of the materials. 
Subsequent experiments” have shown the effects of 
specimen size to be appreciable. The authors think 
Dr. Jaffe is probably correct in suggesting that the 
technique for measuring M, gives low results. 


“L. D. Jaffe: Heat Treatment of Titaniam Generalized in Ter 
of Beta Prime. Trans. AIME (1954) 200, p: 210: JouRNAL oF Mex. 
ALS (February 1954). ‘ 

ISL. D. Jaffe: Heat Treatment and Alloyin i 
published in Metal Progress. 

‘°D. H. Polonis and J. G. Parr: Martensite Formation in Pow- 
ders and Lump Specimens of Ti-Fe Alloys. Trans. AIME (4955) 
203, p. 64; JouRNaL or Merats (January 1955). 
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Use of Autoclaves and Flash Heat Exchangers 
At Beaverlodge 


by R. W. Mancantelli and J. R. Woodward 


N 1947 a large low grade deposit of uranium was 

located in the northwest corner of Saskatchewan, 
in the Beaverlodge property of Eldorado Mining & 
Refining Ltd. Most of the values occur as thin 
seams and as coatings on other minerals, and the 
ore, which is light and friable, is not amenable to 
the usual gravity methods of concentration. The 
acid leaching process developed to retreat the com- 
pany’s Port Radium tailings was also impractical, 
as the percentage of carbonates is high and the per- 
centage of sulphides relatively low. 

Construction of the mill building and installation 
of equipment, both scheduled for 1952, awaited 
selection of a satisfactory ore dressing process on 
or before Oct. 1, 1951. An extensive research program 
on dressing of ores from the Ace mine therefore was 
undertaken by the Mines Branch in Ottawa, a re- 
search team at the University of British Columbia, 


R. W. MANCANTELLI and J. R. WOODWARD are Mill Superin- 
tendent and Assistant Mill Superintendent, respectively, Beaverlodge 
Operation, Eldorado Mining & Refining Ltd., Saskatchewan, Canada. 

Discussion of this paper, TP 4038BD, may be sent, 2 copies, to 
AIME by Aug. 1, 1955. Manuscript, Oct. 25, 1954. Chicago Meet- 
ing, February 1955. 


TRANSACTIONS AIME 


and an ore dressing group at the company’s Port 
Hope refinery. 

Pilot plant operations were conducted at the Ot- 
tawa plant of Sherritt Gordon Mines Ltd. under the 
general direction of C. S. Parsons, consultant on 
metallurgy and ore dressing for Eldorado. In mid- 
September, having compared results of the several 
research programs, Dr. Parsons recommended a 
process employing a carbonate or basic leach. He 
reported that, while the chemistry of the process 
had been proved, engineering of the flowsheet was 
incomplete, and he suggested that under normal 
conditions further pilot plant work at the Ace mine 
might be profitable. However, since this would in- 
volve a delay of 12 to 18 months in bringing the 
property into operation, he recommended that de- 
sign of the concentrator proceed immediately. 

Concentrator capacity was determined by two 
considerations: 1) the amount of ore then available 
and 2) the expectation that continued improve- 
ments would be made in the ore dressing process 
as a result of the intensive research being carried 
out by the Mines Branch of the Department of 
Mines and Technical Surveys. As these improve- 
ments could affect both the chemistry and the en- 
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This page of Metals Transactions AIME follows p. 718. The inter- 
vening non-Transactions pages appeared in the Journal of Metals. 


FORMULAS 
A) 20; > 3U0; 


B) ++ +9Na.CO, + 
3Na,UO.(CO,); + 6NaOH 


C) 4FeS, + 150, + 16Na.CO, + 14H,0 > 
4Fe(OH), + 8Na.SO, + 16NaHCO, 


D) NaHCO, + NaOH > Na,CO; + H.O 


E) Na,UO,(CO;); + 4NaOH > 


2Na,U0.(CO;); + 6NaOH > 
Na.U.O,ppe + 6Na,CO; + 3H,0 


F) 2NaOH + CO,—> Na.CO, + H,O 
G) Na.CO, + CO, + H.O > 2NaHCO, 


Fig. 1—Chemical reactions necessary to extract and precipitate the 
uranium are listed. Details of the chemistry have been published.* 


gineering of the flowsheet, it seemed unwise to 
provide milling capacity beyond the immediate re- 
quirements. The decision was made, therefore, to 
start construction of a concentrator at once. 


Mineralogy 

The ore is a red-brown granitic rock consisting 
mostly of feldspar densely impregnated with hema- 
tite. The granite, or aplite, has been severely frac- 
tured, and the fractures are filled with veins of 
calcite, chlorite, quartz, and pitchblende. In order 
of abundance, the opaque minerals are hematite, 
pyrite, pitchblende, chalcopyrite, galena, and trace 
amounts of five or six others. 

Ore minerals occur in relatively narrow veins 
and stringers or in local disseminations in the host 
rocks. When examined under the microscope, speci- 


mens of what appear to be massive pitchblende up 
to 1 in. wide are found to be heavily contaminated 
with gangue and other minerals. The main con- 
centrations of pitchblende are usually found in 
veins in calcite or chlorite, with some in the neigh- 
boring host rocks. 


Chemistry of the Process and Mill Flowsheet 

The process consists briefly of grinding the ore to 
liberate the uranium minerals, dissolving the ura- 
nium in sodium carbonate, separating liquids from 
solids, and precipitating uranium from solution by 
sodium hydroxide. Fig. 1 lists several of the chemi- 
cal reactions necessary to extract and precipitate the 
uranium. Details of the chemistry, which are well 
known, have been published." 

Except that autoclaves are used for the leaching 
instead of the conventional agitators, see Fig. 2, the 
flowsheet resembles that of a simple cyanide plant. 
The ore is crushed underground, hoisted to an ore 
pass at surface level, and conveyed to the mill 
crushing plant. The mill crusher consists of a 
Symons standard and a Symons short head in 
closed circuit with Denver-Dillon screens fitted 
with 4x%% in. slots. Grinding to 78 pct —200 mesh 
is done in two Allis-Chalmers ball mills in closed 
circuit with Akens classifiers. 

After primary thickening, leaching takes place in 
the autoclaves, which are run at 220°F and 80 to 
90 psig. To save heat, an exchange system is used 
between the pulp entering and the pulp leaving 
the autoclaves. 

The cooled pulp from the autoclaves is pumped 
to two Dorr washing thickeners in parallel, and 
thickener underflow is filtered on Northern Foundry 
filters with a water spray displacement wash. Preg- 
nant solution from the top of the washing thick- 
eners is clarified and precipitated with strong caus- 
tic in stirred tanks. Precipitate goes to filter presses 
and is then dried and packed for shipment. The 
barren solution, which is strong caustic, is carbon- 
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Fig. 3—Diagram shows action of the Beaverlodge autoclaves where 
dissolution of the uranium takes place. 


ated with boiler flue gases in an absorption tower 
before being recirculated to the process. 


Autoclaves 

With a few exceptions such as the autoclaves and 
heat exchangers, the standard equipment found in 
any gold or base metal plant is used in the mill. 
The autoclaves, where dissolution of the uranium 
takes place, are tanks 25 ft long by 8 ft in diam, 
insulated with 3 in. of fiber glass. Their long axis 
is in a horizontal position. 

Each tank is equipped with three turbomixers. 
The two end mixers, with 42 in. impellers running 
at 62 rpm, are used to keep the pulp in suspension. 
The center mixer, equipped with a hood ring and a 
27 in. impeller running at 140 rpm, is used to mix 
air thoroughly with the pulp. Each mixer is driven 
by 10 hp, or 30 hp over autoclave. 

At present the autoclaves, Fig. 3, are operated at 
80 psig and 230°F. Head room of 20 pct is allowed 
for circulation of the necessary air at 1000 cfm, 
three to five times the stoichiometric amount of 
oxygen needed. Two parallel banks of autoclaves 
are mounted on an 8° slope to provide flow by 
gravity from one to the next. 

Formerly autoclaves were equipped with 1.6 pct 
manganese steel removable erosion plates fastened 
to the lower half of the vessel, but these were re- 
moved when it was found that erosion was negligi- 
ble. In a few instances some local pitting corrosion 
was observed on the steel shell behind the erosion 


plates. This may have been caused by a local con- 
centration cell, such as might be found under a 
deposit of sulphides. 

It was anticipated that there would be trouble 
with packing glands of the turbomixers operating 
under pressure and temperature, but fortunately 
this has not developed. The impellers used for agi- 
tation have not shown the expected wear, although 
metal has been lost at and near the outer edges. 

General Corrosion in Autoclaves: Although some 
general attack has taken place on the autoclaves, it 
is not enough to be considered significant. Below 
the liquid line, attack by leach solution is negligible. 
Pulp deposits below the liquid line do not give 
much difficulty except in such restricted areas as 
those behind erosion plates. Above the liquid line, 
the vapor is in contact with an air-vapor mixture 
(74 psi air and 21 psi steam at 220°F). Some CO, 
is also present in the vapor phase originating from 
the air (300 ppm) and from decomposition of the 
sodium bicarbonate. 


2NaHCO; > Na.CO, + CO, + H.O 


Over a period of years the rust which sometimes 
attacks the steel exposed to the vapor phase may 
cause some loss in wall thickness. Drainage lines 
are observed when autoclaves are inspected. 

Pitting Corrosion: The severe pitting on steel at 
the liquid line, sometimes extending above the line 
as high as 12 to 14 in., is invariably associated with 
pulp splash. It is believed that the driving force 
of the corrosion cell is caused by what is known 
to corrosion technologists as differential aeration. 
Briefly, it is postulated that the oxide film on steel 
is not repaired by oxygen from the air because of 
the limited supply available under a pulp splash. 
Ferrous ions enter the pulp at such weak spots 
(anodes) and hydrogen forms at the local cathodes 
at the edges of the splash. Oxygen removes the 
hydrogen (depolarization) and the action continues. 

Most severe pitting is that associated with a sul- 
phide-rich froth that floats on the surface of the 
ore stream and clings at certain areas to the walls 
of the autoclave. The froth has been shown to con- 
tain sulphides, graphite, and ferric and cupric ions, 
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all of which promote the action of the corrosion cell 
mentioned previously. 

Other factors which may affect the pitting attack 
are the buildup of sodium sulphate and the pres- 
ence of chlorides. Only traces of chlorides are 
found in the Eldorado solutions. 

The problem of corrosion, which was turned over 
to Battelle Memorial Institute for study, resolved 
itself into three phases: 1—to find some means of 
keeping the present tanks on stream, 2—to find a 
material suitable for building future autoclaves, 
and 3—to determine the basic cause of corrosion. 
Research on all three phases is proceeding with 
some success. At the same time a routine program 
of inspection and repair is being carried out. 


Flash Heat Exchangers 

When the plant was designed, it was generally 
agreed that the normal tubular heat exchangers 
could not be employed to transfer heat from one 
abrasive viscous pulp to another. Because it was 
thought that the pulp at 55 pct solids would soon 
plug the small-diameter tubes and wear out the 
thin tube walls necessary to effective heat transfer, 
the flash heat exchangers described subsequently 
were substituted; see also Figs. 4 and 5. In the light 
of further experience, tube heat exchangers are now 
being tried and first results are promising. These 
units will be the subject of a later article. 

The Beaverlodge flash heat exchanger has four 
identical stages, each consisting of one flash tank 
and one condenser. The eight tanks in the system 
are 2 ft in diam and 8% ft high. The four flash 
tanks are used to draw heat from the hot pulp 
leaving the autoclaves, and the other four tanks, 
interchangeable and of similar design, condense the 
hot vapor and pass the heat into the cold pulp en- 
tering the autoclaves. Auxiliary equipment consists 
of pumps, control valves, and surge tanks. 

The transfer of heat from the flash tanks to the 
condensers is accomplished by the creation of a 
vacuum by the condenser. This occurs when the 
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Fig. 5—Designed heat balance in the flash heat exchanges calls for 
25°F temperature drops for each successive stage. 
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heat-carrying vapor liquifies on the relatively cold 
pulp in these tanks. The vacuum lowers the boiling 
point of the pulp, and because of the latent heat of 
vaporization a large amount of heat is transferred 
from the flash tanks to the condensers in a rela- 
tively small amount of vapor. 

In its simplest form the exchanger is a combina- 
tion of flash tank and condenser. The condenser 
creates the required vacuum, while a steam jet air 
ejector eliminates the noncondensible gases to main- 
tain the vacuum. Without the ejector, the gases 
would collect, eventually fill the condenser, and 
prevent heat exchange. 

Because of expected wear, the vessels are heavily 
protected with liners and splash plates, and all in- 
ternal parts are readily removable. A whole vessel 
can be disconnected from the circuit and replaced 
with an extra tank kept for emergencies, and parts 
can be replaced quickly. 

The pulp is pumped through the center pipe, see 
Fig. 4, and impinged against the underside of the 
top splash plate so that an umbrella film is pro- 
duced. The outer circumference of the umbrella is 
the wall liner of the vessel. The pulp runs down 
in a thin film to a baffle or cone where it is brought 
to the center of the tank to fall on another splash 
plate, from whence it drops into the well of pulp 
maintained at the bottom of the vessel. The thin 
film of pulp is maintained for easy relief of vapor 
and carried over to the other part of the unit, 
where it condenses on the surface of the cold pulp 
cascading down the condenser. 

The design called for pulp to leave the autoclaves 
at 220°F, to drop to 195°F in the first stage of the 
flash tanks. At 500 tons per day and 55 pct solids, 
this means that 2.5x10’ Btu per day have been flashed 
off in the first stage, see Fig. 5. The pulp will drop an 
additional 25°F in each successive stage, i.e., from 
195° to 170° to 145° to 120°F, which is the temper- 
ature of the pulp entering the secondary thickeners. 

On the condenser tank side of the heat ex- 
changer, the pulp from the primary thickener un- 
derflow, at a temperature of about 85°F, will be 
stepped up to 110°F by the 2.5x10° Btu flowing over 
from the flash tanks in the first stage. It will be 
stepped up by 25° increments to 185°F by the time 
it leaves the last stage. Plant practice has con- 
firmed these figures, and the performance of the ex- 
changers matches the design figures almost exactly. 


Autoclave Feed System 

From the surge tank immediately after the con- 
denser side of the flash heat exchangers, the heated 
pulp is passed through centrifugal pumps in series 
to build up sufficient pressure to feed the auto- 
claves. There are four heavy duty 5x4 SRL-C 
pumps provided for this service, two of which are 
used to feed both lines of the autoclaves. The other 
two pumps are spare equipment. 

The pumps do an exceptional job. Because these 
pumps are rubber-lined, their suppliers would not 
guarantee satisfactory service when pulp was 
pumped at a temperature over 180°F, but even at 
temperatures up to 210°F they have given excel- 
lent performance—except for one condition: it has 
been found that for operation under such conditions 
the amount of gland solution used is high, causing 
excessive dilution in the autoclaves and thus cut- 
ting down the retention time. If this excessive dilu- 
tion from gland solution could be eliminated 
performance of the pump would be perfect. 

The pumps discharge through separate flow con- 
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trollers and control valves to the two lines of auto- 
claves. Each flow controller is a Fischer & Porter 
Ratosleeve Flowrator meter connected to a Fischer 
& Porter Magnabond pneumatic transmitter which 
operates a Fischer & Porter controller which con- 
trols a Mason-Neilan No. 737 control valve on the 
pump discharge. 

When the flow controllers are set at any desired 
rate, all other float controllers, e.g., on autoclave 
discharge, will reset their, rate automatically to 
feed the same quantity. Sometimes lag results, but 
not for longer than it takes to stabilize the flow 
through the autoclaves. 


Control Valves 

There are altogether 14 control valves handling 
flow through the flash heat exchangers, through the 
autoclaves, and from the discharge of the auto- 
claves; and these gave considerable trouble when 
the plant was started. The valves, all of the Mason- 
Neilan No. 737 diaphragm control type, had to oper- 
ate under pressure drops of 80 to 100 lb. Plugs and 
seats of many different types were tried, but none 
stood up to the terrific duty until plugs and seats 
equipped with tungsten carbide inserts were used. 
Although these are very expensive, they have 
lasted well under the abrasive pulp. Previously 


control valves sometimes wore out after only 20 hr 
of service, but some of the tungsten carbide seats 
and plugs have seen over a year of service to date. 
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Reaction Rate Study of the Dissolution of Cuprite 
In Sulphuric Acid 


by Milton E. Wadsworth and Dorabji R. Wadia 


The rate of reaction of cuprite was measured in a series of sulphuric acid solutions, from 
which oxygen had been excluded, at various concentrations and temperatures. The over- 
all reaction Cu,O H.SO, Cu** + Cu® + + SO, may be explained quantita- 
tively by two simultaneous rate reactions involving not only H® but also the hydrolytic ad- 
sorption of H.SO,. The results indicate the importance of considering surface mass bal- 
ance relationships associated with heterogeneous surface reactions. 


i beeen has long been an important method 
for the recovery of metals from certain minerals. 
Many processes have assumed minor importance in 
modern practice but such operations as the recovery 
of uranium and present interest in high pressure- 
high temperature solution of sulphides” * well illus- 
trate the importance of leaching as a unit operation. 
Little quantitative information is available in a 
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form sufficient to determine the mechanism of solu- 
tion at the solid-aqueous solution interface for given 
systems. For this reason, it is important that funda- 
mental studies of leaching processes be conducted 
so that parameters associated with such surface re- 
actions may be understood and correlated. 

Cuprite was chosen for this study as a result of 
a recent investigation carried out at the University 
of Utah on ores of the Ray and Chino Mines Divs. 
of the Kennecott Copper Corp. These sulphide de- 
posits contain sufficient oxidized minerals, such as 
cuprite, malachite, and azurite, so that recovery of 
metal values contained in the oxidized fraction is 
of primary interest. Of these oxides, cuprite (Cu.O) 
is the most interesting, since it dissolves in sulphuric 
acid by an oxidation reduction couple resulting in 
the formation of 50 pct metallic Cu and 50 pct cup- 
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ric (Cu**) ion, providing all oxygen is excluded 
from the system. In the presence of oxygen, the 
metallic copper oxidizes slowly and continues to 
dissolve. 

Sullivan and Oldright® * measured the rate of dis- 
solution of cuprite in sulphuric acid using samples 
of crushed natural cuprite of about 90 pct purity. 
Since there was no control over the variation of sur- 
face area during solution, the data reported by these 
investigators could not be interpreted quantitatively. 
The results obtained indicated a parabolic rate which 
was due to variation in surface area rather than a 
true parabolic reaction rate. 


Experimental 
Cuprite plates approximately 1x12x25 mm were 


prepared by oxidizing hot-rolled copper sheet of 
high purity at 1000°C in a Hevi-Duty electric fur- 
nace. The oxidized copper had a thin layer of CuO 
which was removed as the samples were polished to 
size. The plates were polished on a grinding wheel 
using Carborundum 600B abrasive. Care was taken 
to keep the thickness of the plates uniform to within 
0.003 in. The copper content of the finished plates 
was found to check the stoichiometric value (88.82 
pet Cu) within the limits of experimental error. All 
samples were measured carefully with a micrometer 
to determine the geometric area. Samples prepared 
in this way were of uniform texture and grain size. 

The use of plates of the dimensions mentioned 
previously resulted in an area variation of at most 
7 pet, since only approximately 1/3 of the cuprite 
was leached in each test. A sphere of the same 
weight would correspondingly vary in area approxi- 
mately 55 pct. For this reason, the geometry of the 
sample used is an important consideration. 

The reaction vessel was a 2000 ml Erlenmeyer 
flask which was maintained at constant temperature 
(+0.03°C) in a stainless steel temperature bath. 
Oxygen was removed from the system by boiling. 
Following this, nitrogen was passed through the 
acid until the reaction was started. Solution sam- 
ples were removed from the flask during the test 
by means of a 10 ml calibrated pipette having a 
side delivery arm. Initial acid samples were re- 
moved in a similar manner for titration to deter- 
mine acid strength accurately. A large solution vol- 
ume was used so that solution depletion remained 
below 2 pct. 

The volume of acid solution used was determined 
by weighing the entire flask before and after the 
acid solution was added, followed by the appro- 
priate use of density tables. The solution was stirred 
magnetically with an Alnico stirring rod which was 
painted with acid-resistant Tygon paint. The rod 
was rotated by means of an Alnico disk magnet 
mounted on a stirring motor and the speed of rota- 
tion could be varied between 140 and 800 rpm. 

Since some finely divided metallic copper was 
produced during the reaction, the samples removed 
had to be filtered. This was accomplished using a 
fritted disk filter under a stream of nitrogen to pre- 
vent oxidation and dissolution of the copper. The 
filter was washed with boiling distilled water. The 


Table |. Observed Rates of Solution of Cuprite in H.SO, at Various Temperatures and Concentrations 


Total ‘ Rr, 
Molarity, Mg Cu++Cm-2 
HoSO, Ki* Ko* [H+] [H2S0,4] Min-1 Q 
0.103 0.121 7.79x10-6 19.2 0.160 1.172 
0.103 0.121 7.79x10-8 19.1 0.161 
0.103 1.32x108 2.52x10-2 0.121 7.79x10-6 19.2 0.158 u 
0.103 0.121 7.79x10-6 29.5 0.302 1.136 
0.101 0.119 7.48x10-6 40.9 0.554 1.070 
0.352 0.392 7.69x10- 19.5 0.257 1.720 
0.353 0.393 7.74x10-5 30.9 0.512 1.701 
0.352 1.59x108 5.01x10-2 0.392 7.69x10-5 41.1 0.882 1.680 
0.353 0.393 7.74x10-5 50.1 1.37 1.656 
0.686 0.742 3.32x10-4 17.4 0.295 2.393 
0.684 1.41x108 6.61x10-2 0.740 3.30x10-4 29.0 0.645 2.342 
0.684 0.740 3.30x10-4 40.0 1.09 2.318 
0.686 0.742 3.32x10-4 49.5 1.86 2.304 
1.378 1.466 1.69x10-3 20.2 0.556 3.727 
1.377 1.12x108 10.0x10-2 1.465 1.69x10-3 30.5 1.01 3.666 
1.377 1.465 1.69x10-3 41.0 1.83 3.618 
KHSO,« 
0.0994 1.32x108 2.52x10-2 0.039 1.79x10-8 31.0 0.241 0.795 


* From data of Young and Blatz.5 
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filtrate was cooled to room temperature, complexed 
with ammonia, and made up to volume. The copper 
concentrations were determined on a Beckman DU 
spectrophotometer using blue Cu(NH,),** complex. 


Results 


The precautions previously outlined were found 
adequate for maintaining constant temperature, sur- 
face area, and acid strength. An additional possible 
variable is stirring. The stirring rate must be suf- 
ficiently rapid to eliminate diffusion as the slow step 
in the overall reaction. The results of a series of 
tests, carried out at variable rates of stirring, showed 
that the stirring effect was eliminated above 300 
rpm. In all tests the rates were maintained above 
this level. 


Table II. Rate of Solution of Cuprite and the Concentration of 
lonic and Molecular Species Present at 31°C 
Constant Temperature 


Total Rr, 
Mg Cu++Cm-2 


Molarity, 
H2S04 [H+] [HSO,-] [SO.=] [H2S0,] Min-1 
0.103 0.121 0.085 0.018 7.79x10-8 0.320 
0.353 0.393 0.313 0.040 7.74x10-5 0.495 
0.685 0.741 0.629 0.056 3.31x10-4 0.676 
1.377 1.465 1.289 0.088 1.69x10-3 1.047 
KHSO, 
0.0994 0.039 0.060 0.039 1.79x10-6 0.241 


The results of three separate tests are presented 
in Fig. 1. The dissolution of cuprite was found to 
obey a linear rate law and was not inhibited in any 
way by the formation of metallic copper at the sur- 
face. Sullivan’ believed that the formation of a 
tightly adherent metallic layer of copper formed at 
the surface limited the solution of cuprite. It was 
found in this study that the majority of metallic 
copper formed during the reaction remained in the 
shape of the original sample and was extremely 
porous and spongy. 

Table I lists the results of a series of tests carried 
out at various temperatures and concentrations. The 
last test listed in the table was carried out in 0.0994 
mol KHSO, This was done to vary the inter- 
dependent relationship of the H*, HSO,, SO-;, and 
H.SO, concentrations. 

Fig. 2 is an Arrhenius plot of the observed data 
in which the log of the rate is plotted against 1/T. 
A series of parallel lines was obtained representing 
four different average sulphuric acid concentrations 
(viz., 0.103, 0.353, 0.685, and 1.737 mol H,SO,). The 
corresponding heats of activation were found to be 
10.6, 10.5, 10.4, and 10.4 kcal, respectively, giving 
an average of 10.5 kcal per mol. 

The dissociation constants for the first and second 
hydrogens of sulphuric acid were evaluated graph- 
ically from the data of Young and Blatz.’ From this, 
the concentrations of H*, HSO,;, SO, and undis- 
sociated H.SO, were calculated. The concentration 
of [H*] was determined by assuming the hydrogen 
contained in undissociated H.SO, to be negligible. 
This assumption is completely valid for the ranges 
of concentrations investigated in this study. The 
values for K, and K, used (Table I) were taken as 
average values for the temperature range covered 
in this study. Actually K, may change as much as 
50 pet. Reported values, however, involve several 
approximations and the heat of ionization (—AH;, ) 
for HSO, determined by two separate methods 
varied well over 100 pct.’ A variation of +25 pct in 
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K, produces only a slight variation in the calculated 
H’*, HSO,, and SO, concentrations. 

Fig. 3 is a plot of the rate of solution vs [H*] and 
[HSO,] concentrations. These data were taken from 
Fig. 3 at a temperature of 31°C [1/T = 3.29x107] 
and are presented in Table II. 

In each case the rate increased rapidly at first and 
then decreased and became a linear function of con- 
centration. The results of the test carried out in 
0.0994 mol KHSO, are included. Also included in 
Fig. 3 are the results of a series of three tests car- 
ried out in perchloric acid. The rate of solution is 
clearly not just a linear function of [H*] concen- 
tration. The rate of reaction in perchloric acid was 
found to be considerably slower than in sulphuric 
acid when both were at the same [H*] concentra- 
tion. This and the initial curved portion of the rate 
vs concentration plot suggest the influence of some 
other species in solution, probably associated with 
surface adsorption effects. 

A similar relation as that shown in Fig. 3 is ob- 
tained for [H,SO,]. Again the curve resembles a 
type I adsorption isotherm with the exception that 
it does not level off but continues linearly as a func- 
tion of [H.SO,] concentration. On the other hand, 
the rate of reaction cannot be expressed as a single- 
valued function of [SO,-] concentration. Sulphate 
ion of itself does not appear to have any direct effect 
upon the reaction. These results indicate a hetero- 
geneous surface reaction in which the effect of [H*] 
is influenced by the presence of either ,[HSO,] or 
undissociated [H,SO,] also present in solution. 

The metallic copper Cu’ formed remained on the 
sample as a porous layer. Its presence, however, in 
no way inhibited the rate of reaction, as evidenced 
by the linear reaction rates observed. The actual 
diffusion or removal of Cu° from the reaction sur- 
face does not appear to be rate controlling. 


Discussion 
The linear portion of the R, vs [H*] plot (Fig. 3) 
may be represented by an equation of the type R, = 


0.2 


IN 
Average Molarity AS N 

}—O 

ne 


3.0 3.1 3.2 3.3 3.4 3.5 
3 
X10 


Log R, (mg./cm? /min.) 


A 


0.685 


Fig. 2—Arrhenius plots illustrated are for the dissolution of 
cuprite in sulphuric acid at four separate concentrations. 
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Fig. 3—Rate of dissolution of cuprite at various concentrations of 
H* and HSO« (t = 31°C) is given. Also included in the figure are 
rates of dissolution of cuprite in perchloric acid at various concen- 
trations. 


A [H*] + B. Such a relationship seems to indicate 
that the total observed rate is the sum of two sep- 
arate rate steps of which only one depends upon 
the [H*] concentration. This in turn must be mod- 
ified by surface adsorption effects which change the 
surface concentration of potentially reactive sites in 
such a way as to explain the initial rise in the R, 
vs [H*] curve. 

Since electrical neutrality must be preserved at 
the solid surface, the adsorbate must involve ion 
pair adsorption or hydrolytic (neutral molecule) 
adsorption of undissociated H.SO,. Considerable evi- 
dence for the importance of hydrolytic adsorption 
has been presented by Cook et al.’® in flotation 
studies. It has been shown by these investigators 
that collector-mineral and _ collector-depressant- 
mineral equilibria depend upon the hydrolytic ad- 
sorption of collectors and depressant. Hagihara”™ has 
presented strong evidence by electron diffraction 
studies for neutral molecule adsorption in flotation. 
Cook and Wadsworth” have classified adsorption at 
the solid-aqueous solution interface into three cate- 
gories which include the various types of ion pair 
adsorption and hydrolytic adsorption. Evidence is 
presented which indicates the importance of neutral 
molecule adsorption even for such strong acids and 
bases as HCl and NaOH when adsorbed on wool. 
In view of these correlative findings, it seems log- 
ical to consider hydrolytic adsorption of H.SO, in 
this system. This is further supported by the fact 
that the observed kinetic dependency is best ex- 
plained by single-site adsorption. 

The following model is proposed as a possible 
explanation of the observed rates of dissolution of 
cuprite: Letting Cu.O be the concentration of un- 
occupied surface sites 


Cu.O + H.SO, Cu.0O H,SO, (equilibrium) [1] 


H,O + SO; (Rate1) [2] 


H.SO, + H*> Cu** + Cue + 
H,O + HSO, (Rate 2). [3] 


Eq. 1 represents the equilibrium hydrolytic ad- 
sorption of H.SO, on Cu.O. The first rate reaction 
(Eq. 2) indicates the thermal decomposition of oc- 
cupied surface sites. The second rate reaction indi- 
cates the influence of H* ion and its ability to react 
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with covered sites according to Eq. 3. From Eq. 1 
and considering all activity coefficients to be unity 
[Cu.0 - H.SO,] 


[H:SO,] 


dx 
[H.SO,] 


where K, is the equilibrium constant, @x is the frac- 
tion of total available sites which are covered with 
adsorbed H.SO,, 6y is the fraction of sites uncovered, 
and AF, is the molar free energy of adsorption of 
H.SO, on cuprite. The surface mass balance 


6x + 6y=1 [5] 


may be combined with Eq. 4 to give the typical 
Langmuir equation 


= [4] 


K 
= . [6] 
1+ K, [H.SO,] 
The standard state for Eq. 1 as implied by Eq. 4 is 
one-half surface coverage for adsorbed H.SO, and 
unit activity for [H.SO,] in the bulk solution. 
According to the absolute reaction rate theory” 


kT kT 
Re = = — I Cr; 
h + j 


[7] 


where R, is the total observed rate and is the sum 

of all contributing rates, «; is the transmission co- 

efficient, C,;+ the concentration of the ith activated 

complex, II Cr, is the product of reactant concen- 


trations, and AF,* is the activation energy of the ith 
activated complex. Considering R, and R. (Eqs. 2 
and 3) as the two contributing rates of importance, 
Eq. 7 becomes 


kT ae 


kT 


where k, includes the surface roughness factor, the 
conversion of measured rate units to molar units, 
and the conversion factor from the fraction of sur- 
face coverage to true surface concentration units. 
At constant temperature, Eq. 8 becomes 


When K, [H.SO,] is much greater than one, the 


1.0 


0.8 
0.6 
@ 
@ EXPERIMENTAL 
—— THEORETICAL 
0.2 


10) 0.2 0.4 0.6 0.8 1.0 L2 14 1.6 
H* (moles /liter) 


Fig. 4—Experimenta! and _ theoretical rate vs (H*) dependency is 
shown for the dissolution of cuprite in sulphuric acid (tf = 31°C), 


TRANSACTIONS AIME 


= 


ant = 10,300 CALORIES 


3.0 3.1 3.2 3.3 3.4 3.5 
| 3 
x 10 


Fig. 5—A correlation of data at all concentrations and tem- 
peratures studied, according to Eq. 14, is illustrated in the 
figure. 


value of 6x approaches one according to Eq. 6, and 
Eq. 9 becomes the equation of the linear portion of 
the R; vs [H*] curve (Fig. 3). From this linear por- 
tion of the experimental curve, k, k.’ was found to 
be 0.523 and k, k, to be 0.290. Combining Eqs. 9 
and 6, K, may be evaluated at each point on the 
nonlinear portion of the experimental curve. For 
the 0.0994 mol KHSO, ([H*] = 0.039 mol) test, K, 
was found to be 1.94x10° and at 0.103 mol H.SO, 
({H*] = 0.121 mol), K, was 1.24x10°, both at a tem- 
perature of 31°C. Using the average of these two 
determinations (K, = 1.59x10°), AF, was calculated 
according to Eq. 4 and found to be —8680 cal per 
mol. The value of K,, and subsequently 0x, may be 
calculated approximately for each temperature and 
solution concentration investigated if the entropy 
contribution is neglected. The theoretical R, vs [H*] 
curve at a temperature of 31°C 


1.59x10° [H.SO, ] | 


= [ 
1 + 1.59x10° [H.SO,] 
(0.523 [H*] + 0.290) 


[10] 


is plotted in Fig. 4. 
From the ratio of k, k,’ to k, k.’ at 31°C and as- 


suming Ki = Ko = K 


+ + 
Cut )/RT 0.555 


[11] 
and 

+ + 
/RT __ /RT 


[12] 
assuming the temperatures’ dependence of AF,+ and 
AF.* to be that of AH;+ and AH.* only. 

In its complete form for all temperatures and 
concentrations, Eq. 8 becomes 


e 


kT = A 
R,=k.« 6x ({H*] Fy /RT __ 
kT 
Q /RT /R [13] 
h 
where 


Oh Ax ({H*] 1) 
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from which 
Ry AH 
log =— 
OT 2.30 RT 
The value for 6x may be determined by Eq. 6. 

Fig. 5 is a plot of Eq. 14 which correlates the data 
for all temperatures and concentrations investigated, 
giving a value for AH,+ of 10,300 cal per mol. The 
development of Eq. 13 tacitly assumes that the 
entropy contribution to AF,, AF,+, and AF.+ is small 
over the temperature range studied in this inves- 
tigation. Based upon this assumption, AH.+ was 
found to be 9935 cal per mol. 


Summary 

The rate of solution of cuprite (Cu.O) in sul- 
phuric acid solutions was determined for various 
acid concentrations at several temperatures. Oxygen 
was excluded from the system during all tests. The 
observed rate may be explained quantitatively by 
two simultaneous rate reactions which depend upon 
the hydrolytic adsorption of H.SO,. The equilibrium 
adsorption potential of H.SO, on cuprite was found 
to be —8680 cal per mol. 

The first reaction rate was attributed to the 
thermal decomposition of a surface site containing 
adsorbed H.SO,. The second rate reaction was at- 
tributed to the reaction between H* ion and a sur- 
face site containing adsorbed H.SO,. The heat of 
activation for the first rate was determined to be 
10,300 cal per mol and that of the second rate re- 
action 9935 cal per mol. The overall rate equation 
developed correlates the data for all of the concen- 
trations and temperatures investigated. 
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Solid State Diffusion in the Reduction of Magnetite 


by J. O. Edstrom and G. Bitsianes 


Parabolic rate constants were determined for the formation of wistite by the solid 
state reaction between magnetite and iron. The reaction was diffusion controlled 
and inert marker studies indicated that the mass transport through the wistite layer 
was accomplished by means of iron migration. Relationships between rate constants 
and self-diffusivities are discussed. The transport capacity for iron through dense 
wistite layers was found to be sufficient to carry on reduction, even in gaseous 


reduction processes. 


Ree of iron oxides has been the subject 
of many investigations. Most of the work, how- 
ever, has been done on rather crude material and 
there have been difficulties in correlating the data 
on a quantitative basis. The reverse process of the 
oxidation of iron has been studied more thoroughly 
and usually by starting from the pure metal. As a 
result, the mechanisms of oxidation are now fairly 
well known.” * 

It has generally been found that the oxidation of 
metals follows the so-called parabolic law;* that is, 
when the oxides are formed as dense layers, their 
thicknesses are proportional to the square root of 
the reaction time. This parabolic law follows directly 
from Fick’s first law of diffusion 


[1] 


The flux, J, is defined as the quantity of diffusing 
substance passing per unit time through unit area ofa 
plane at right angles to the direction of diffusion. 
This flux is proportional to the concentration gra- 
dient of the diffusing substance, and the factor D, 
known as the diffusion coefficient, is introduced as 
the proportionality factor with dimensions of 
(length)’*/time. If the flux is measured as the in- 
crease of thickness of the oxide layer (Ax) per unit 
time (t) and the assumption is made that the con- 
centrations of the reactants at the phase boundaries 
of the layer are independent of time, Eq. 1 reduces 
to 

d (Ax) k’ 


dt Ax 


[2] 


Integration of this expression yields the parabolic 
function 


2 


[3] 


The product of the diffusion coefficient and the con- 
centration difference across the oxide layer is in- 
cluded in the constant k. 
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Discussion of this paper, TP 3936C, may be sent, 2 copies, to 
AIME by Aug. 1, 1955. Manuscript, June 23, 1954. Chicago Meet- 
ing, February 1955. 
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When iron is exposed to a highly oxidizing atmos- 
phere, the oxide phases are formed normally in a 
topochemical fashion, i.e., the interfaces between 
the phases maintain parallel positions to the original 
surface of the specimen. Above 570°C, the phases 
are orientated usually in the order of iron, wustite, 
magnetite, and hematite, a condition in conformance 
with the requirements of the Fe-O system. Below 
570°C, the wistite phase is unstable and has not 
been found as a normal constituent in the oxidation 
products of iron. There is a strong probability that 
continuous layers of the solid oxides are formed as 
the specific volumes of the phases increase in direct 
order from iron to hematite.” * 

Regarding mass transport through dense solid 
oxide layers, Wagner’ has postulated that diffusion 
in oxides generally may be interpreted as migration 
processes of ions and electrons. There must be nor- 
mally a concentration gradient across the growing 
oxide layer for diffusion to occur. This condition re- 
quires that there be deviations from the ideal stoi- 
chiometric composition of the oxide and accordingly 
deviations from the strict order of an ideal lattice. 
Such “‘lattice defects” include interstitial ions, cation 
and anion vacancies, quasi-free electrons, and elec- 
tron holes and are decisive for all migration proc- 
esses.° 

Cations, anions, and electrons all may have some 
mobility in the oxides but the movement of one of 
the particles generally far exceeds that of the 
others. Previous work” * * has shown that during the 
oxidation of iron the migration through the wiustite 
layer, and probably also the magnetite layer, is con- 
fined to the movement of iron ions. Migration 
through hematite, however, has been found to take 
place by oxide ion movement. These behaviors are 
in direct agreement with the type of vacancies pres- 
ent in the respective oxides. 


Reduction of Iron Oxides 

The gaseous reduction of iron oxides, like the 
oxidation of iron, takes place in a topochemical 
fashion at distinct interfaces between the appearing 
phases.*” Porosities might be expected in these re- 
action products, since their specific volumes are less 
than that of the starting material. Frank and 
van Der Merwe" have shown, however, that it is 
theoretically possible for nonporous layers to form 
if the degree of misfit in specific volume is less than 
about 15 pet. These aspects on porosity formation 
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may have an important bearing on the mechanisms 
of reduction. 

A major part of the overall reduction process takes 
place at the iron-wiistite interface where about 70 
pet of the total oxygen is extracted by the gaseous 
reductant. The iron product that forms is normally 
quite porous and the mass transport through this 
growing porous layer is accomplished by a counter- 
diffusion process of gaseous molecules. Beyond the 
iron-wustite interface, the reduction mechanisms 
will depend on the porosity and condition of the 
wustite, magnetite, and hematite phases. 

M. Wiberg™ * studied the reduction of a natural 
magnetite crystal at 1000°C and could not observe 
any porosity in the wiistite layer that had formed. 
He concluded that the mass transfer across the layer 
might have occurred in the solid state. At a later 
date, Edstr6m” continued this work on single crys- 
tals of magnetite and hematite. With few excep- 
tions, the gas-solid type of reaction was found only 
at the boundaries between gas and wiistite or gas 
and metal. Inside these interfaces, reduction seemed 
to proceed by the elementary processes of diffusion 
through the solid phases and by reactions at the 
solid phase boundaries. Thus with dense single crys- 
tals of magnetite, reduction may be initiated by the 
reaction 


Fe,O, + CO> 3FeO + CO.. [4] 


After a continuous layer of wiistite has formed, the 
attacking gas cannot reach the reacting interface 
and the reduction proceeds by the reaction 


Fe,O, + 4FeO. [5] 


Evidently iron must diffuse through the dense wuts- 
tite to reach the reacting interface. The formation 
of nonporous reduction products is promoted by 
certain crystallographic relationships in the Fe-O 
system.” “ For instance, during transformation (re- 
action 5), the crystallographic axes remain parallel 
to one another, and the reaction can advance with- 
out any considerable change in the oxygen lattice. 
The transformation of hexagonal hematite to cubic 
magnetite, however, involves a rearrangement in 
the crystallographic orientation. Reduction of hem- 
atite single crystals gives products that are more 
porous than those derived from magnetite.” This 
induced porosity accelerates the continuing reduc- 
tion to metal because of the larger surface available 
for gas attack and the shorter distances involved for 
solid diffusion. 

Iron ores are aggregates of small single crystals 
and during reduction the individual grains probably 
behave in a manner similar to that just described. 
Most of the ores have an inherent starting porosity 
which may allow gaseous diffusion effects to operate 
well within the ore specimen. The reduction still 
proceeds topochemically“ but the interfaces have a 
definite ‘“‘width” and the layers formed may be quite 
porous. These layers act as gaseous diffusion bar- 
riers and can in many cases control the advance of 
the respective interfaces. 

The picture of the solid state reduction that has 
been proposed here and earlier by Edstrom” leads 
to almost the same reaction steps and migration 
processes as have been shown to take place when 
iron is oxidized. Only the direction of mass trans- 
port is reversed. There is, however, a basic differ- 
ence in the two processes in that reduction velocities 
are generally much faster than those of oxidation. 
The slowness of the oxidation process may be ex- 
plained on the basis that the dense oxide layers are 
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growing all the time; thus, the diffusion distances 
increase and therefore the transport capacity of the 
formed layers continually decreases. In reduction, 
the induced porosity in the iron and wiistite layers 
gives thin inner solid layers of almost constant 
thickness. The transport capacity of such a system, 
even by solid state diffusion mechanisms, could be 
quite high. 

The actual proof of whether solid state diffusion 
takes place during gaseous reduction may be found 
by analyzing a reduction system in which only solid 
state diffusion effects are present. The transport 
capacities of such a system then could be compared 
to those of the gaseous reduction system. Wiberg 
and Edstrom” observed that the simple contact be- 
tween iron and dense magnetite to form wiustite 
could be quite fast. This reaction (Fe + Fe,O, > 
4FeO) was used in the present investigation to 
study the transport capacities across wiistite layers 
formed during the reduction of dense magnetite. 


Procedures and Data 

A series of specimens containing contact inter- 
faces between magnetite and iron was prepared by 
partially reducing magnetite below 570°C (1058°F), 
Fig. 2. Dense magnetite was available in the form 
of single crystals from Malmberget, Sweden, and 
convenient specimens in the form of 4 to 8 mm 
cubes were cut from this material. Each magnetite 
cube was then partially reduced to iron in purified 
hydrogen at 450°C and the amount of reduction was 
controlled at the 40 to 50 pct level. The specimens 
were cooled to room temperature under a nitrogen 
atmosphere and finally wetted with acetone to pre- 
vent reoxidation of the pyrophoric iron layer. 

To form the wiistite phase, the magnetite-iron 
specimens were heated in purified nitrogen at spec- 
ified temperatures between 600° and 1090°C. A 
vertical tube furnace was used and the experimental 
arrangement is shown in Fig. 1. At any one tem- 
perature, it was desirable to determine the variation 
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Fig. 1—Schematic 
diagram of the re- 
action unit shows 
the experimental 
arrangement of 
the vertical tube 
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Fig. 2— Magnetite 
crystal partially re- 
duced by hydrogen 
at 450°C is shown. 
Sample was unetched. 
X90. Area reduced 
approximately 20 pct 
for reproduction. 


of thickness of the growing wustite phase with an- 
nealing time. This requirement was fulfilled by 
heating four or five specimens in one run. The speci- 
mens were individually suspended with nichrome 
wires and the annealing cycle was accomplished by 
a simple stepwise lowering of the specimens. This 
cycle started with a slow preheating to 500°C in 
the upper part of the furnace, after which the speci- 
mens were lowered immediately to the reaction 
zone at the center of the furnace. Each specimen 
was then annealed for a specified time at the re- 
action temperature and quenched by dropping it 
into the water-cooled chamber at the bottom of the 
system. 

The annealing behavior of a typical specimen is 
shown in Figs. 2 and 3. A contact interface from 
one-half of the partially reduced specimen is shown 
in Fig. 2. The unreduced magnetite portion is quite 
dense, while the iron formed by reduction is cracked 
and finely porous. After annealing at 850°C for 3 
hr, the second half of the specimen gave a wide 
wustite layer between the starting iron and mag- 
netite phases, as shown in Fig. 3. Some proeutectoid 
magnetite had precipitated on the oxygen side of 
the wustite layer despite the rapid quenching of the 
specimen. Magnetite could have deoxidized through 
dissociation if the oxygen pressure in the protective 
atmosphere had been below the equilibrium re- 
quirements. To insure that wustite had not formed 
by such a side reaction, a blank specimen of mag- 
netite was heated along with the others and later 
checked microscopically for evidence of reduction. 
No wistite could be found in this specimen. 

The specimens finally were sectioned and pre- 
pared for microexamination. The width of each 
wustite layer was measured under the microscope, 
and 40 to 50 points sufficed to yield an average 
thickness. No measurements were taken at the cor- 
ners of the cube section in order to avoid any pos- 
sible “corner” effects. For each temperature run, 
the average wustite thickness was plotted against 
time and the data gave the parabolic curves shown 
in Figs. 4 and 5. The parabolic nature of the curves 
indicated that a reaction had taken place which was 
controlled by diffusion through a growing dense 
layer (Eq. 3). This parabolic law was valid up to 
temperatures around 1000°C. At 1090°C after a 
short initial parabolic period, the growth of the 
wustite layer stopped because the iron tended to 
separate from the oxide layer. A slight deviation 
also was noted at 600°C. This deviation was due 
to a % hr incubation period during which no micro- 
scopically visible wistite had formed. 


Results and Discussion 
The parabolic rate constant, k, was determined 
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Fig. 3—Specimen was 
annealed for 3 hr at 
850°C and etched. 
X90. Area reduced 
approximately 20 pct 
for reproduction. 


for each temperature and the averaged data are 


listed in Table I. As mentioned previously, the rate 
constant is a composite quantity and includes the 
product of the diffusion coefficient and the concen- 
tration difference across the growing layer. In 
oxidation or reduction systems, this concentration 
difference across the wiistite layer is generally de- 
termined by the homogeneity limits of the wustite 
field which increase with temperature. This con- 
sideration makes the rate constant a complex func- 
tion of temperature, and a linear relationship for 
the calculation of activation energies cannot be ex- 
pected in the usual Arrhenius plot of log k vs 1/T. 

The rate constant, however, is a convenient form 
for the estimation of reaction velocities at a given 
temperature. This constant integrates both the mean 
diffusion coefficient and the composition limits of 
the phase into one unit; whereas, in the separated 
form, each of these factors may be very difficult to 
determine. The following example illustrates the 
use of k in estimating the transport capacity of 
wustite layers formed during reduction with carbon 
monoxide: At 1000°C, the relation between layer 
thickness (mm) and annealing time (hr) was found 
to be 

(Ax)}* = 0.52t. 


Differentiating the expression yields the rate of in- 
crease in thickness of the layer per unit time 


d (Ax) 0.26 
dt- Ax 


mm per hr. 


When a hematite single crystal is reduced by carbon 
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Fig. 4—Isothermal rate of growth of wiistite from microscopic meas- 
urements is illustrated. Parabolic curves indicate diffusion con- 
trolled reaction. 
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monoxide at this same temperature, the reaction is 
relatively fast and the dense portion of the wiistite 
layer maintains an average thickness of about 0.07 
mm.” Using this value of Ax in the rate expression, 
the rate of growth becomes d(Ax)/dt = 4 mm per 
hr, which is about the same velocity observed for 
the magnetite-wiistite interface moving into the 
crystal. When a single crystal of magnetite is re- 
duced under the same conditions, the dense layer of 
wustite forms with a thickness of 1 mm or more and 
the penetration velocity is correspondingly slower. 
For the conditions stated, these calculations show 
that the dense portions of the wiistite layers have 
sufficient transport capacity for the iron migration 
needed to sustain the reduction of magnetite to 
wustite. 

The measured parabolic rate constants indicate 
high ionic mobilities in the wiistite lattice. A funda- 
mental interpretation of such ion movements in 
solid state reactions has been made by Wagner.” © 
“For the process of oxidation, he derived the fol- 
lowing rate equation for the growth of a single 
oxide layer on a parent metal 


at’ 
k, Ceqcoy 
a oO 
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+ 
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where k, is the rational rate constant in terms of the 
number of chemical equivalents of oxide formed per 
square centimeter per second through a reaction 
layer 1 cm thick; z is the chemical valence of the 
component particles; c,, is the concentration of metal 
or nonmetal ions in equivalents per cubic centimeter; 
D* is the self-diffusion coefficient of the component 
particles in square centimeters per second; and a’ 
and a” are the chemical activities of metal (me) 
and oxygen (O) at the inner and outer surfaces of 
the growing oxide layer, respectively. 

A number of assumptions are used in deriving 
these equations. The transference numbers of the 
ions are assumed to be small in comparison to the 
transport numbers of electrons. An oxide growing 
on a metal base must have the same properties as 
homogeneous bulk oxide of the same chemical com- 
position. Wagner also found it necessary to assume 
that the oxide forms with only slight deviations 
from the ideal stoichiometric composition. Under 
this condition, the sum of the migration rates of 
metal and nonmetal must be the same at any dis- 
tance from the metal-oxide interface. All of these 
assumptions seem to be allowable for a growing 
wiistite layer. The other basic assumptions made, 
that of the ions and electrons migrating independ- 
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Fig. 5—Parabolic data is represented linearly. 


ently of one another and that of the Nernst-Einstein 
equation relating ionic mobility to the self-diffusion 
coefficient, are more disputable. A discussion of the 
validity of Wagner’s equations in the case of dif- 
fusion through wiistite is given by Himmel, Mehl, 
and Birchenall.” These authors used the equations 
in deriving rate constants for the oxidation of iron 
from self-diffusion data. In the present work, the 
same equations will be used for estimating self- 
diffusion coefficients from experimentally deter- 
mined rate constants for the solid state reduction 
of magnetite by iron. 

Marker studies in the oxidation of iron” * have 
shown that the oxygen ion contribution to the mass 
transport across the wistite layer is negligible. A 
check was made as to whether this finding was valid 
in the reverse process of reduction. Tungsten wire 
markers, 25 microns in diameter, were pressed be- 
tween a core of single crystal magnetite and a shell 
of electrolytic iron powder. After annealing the 
compact at 900°C to produce a sizeable layer of 
wustite by the solid state reduction process, the 


Table I. Data for the Determination of Self-Diffusivities from Parabolic Rate Constants 


k C’re — 
a, Cu Cm G Fe per Deft, D+, Dt 5 
Tempera- Sq Mm SqCm_ Fe,O per Cu Cm Sq Cm Cre, Sq Cm Sq Cm 
ture, °C per Hr per Sec G Fe Wt Pct Fe,O per Sec ar Ina’Fe/a”Fe Wt Pct per Sec per Sec 
600 1.3x10-! 3.5x10-10 0.26 1,46x10-2 1.1x10-8 0.70 0.35 76.65 1.0x10-10 — 
700 4.0x10-8 1.1x10-§ 1.20 0.72 4.17x10-" 1.1x10-7 0.33 Pest: 76.48 9.5x10-10 24 to 27x10-10 
(699°C) 
750 1.2x10-2.  3.4x10-8 0.90 5.07x10-2 2.7x10-7 0.245 1.40 76.42 2.3x10-9 
800 3.8x10-2 1.1x10-7 1.24 1.04 5.86x10-2 7.6x10-7 0.181 1.70 76.36 6.1x10-9 7.7 to 10.5x10-% 
850 7.0x10-2 1.9x10-7 1.24 1.18 6.65x10-2 1.2x10-8 0.142 1.95 76.30 9.3x10-" — 
925 2.6x10-! 7.2x10-7 1.27 1.34 7.55x10-2 3.8x10-8 0.098 2.33 76.22 2.9x10-8 2.2 to 4.9x10-5 
(897°C) 
1000 5.2x10-1 1.4x10-4 1.29 1.54 8.66x10-2 6.4x10-6 0.074 2.60 76.14 4.9x10-8 3.4 to 9.9x10-8 
(983°C) 
1090 iV} 3.6x10-8 1.35 1.70 9.56x10-2 1.4x10- 0.048 3.06 76.04 1.0x10-7 — 
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markers were found to be still located at the metal- 
oxide interface, Fig. 6. This behavior indicated that 
the wustite growth had taken place entirely by the 
diffusion of iron ions. Accordingly, the oxide ion 
term in Eq. 7 can be disregarded. For the present 
work, Eq. 7 may be further simplified by assuming 
a constant self-diffusion coefficient for iron, inde- 
pendent of concentration. The equation can now be 
written in the form 
= Cre D* In [8] 
a ve 
where cy. is the average concentration of iron in 
wustite and D* is the self-diffusion coefficient for 
iron. As a means of further correlation, it can be 
shown from Eq. 3 that the parabolic rate constant 
k is related to the rational rate constant k, by 


k = 2k’ = 2a Dey = [9] 


The symbol D.,;; is used instead of D to signify the 
“effective diffusion coefficient,’ representing the 
migration of iron ions between regions of different 
concentration. The factor a is used to convert k 
from a basis of thickness of wistite layer formed to 
one involving amount of migrating iron. (C’r. — 
represents the difference in iron concentration be- 
tween the iron-wiistite and the wiistite-magnetite 
interfaces, respectively. 

Eqs. 8 and 9 then may be combined to arrive at 
the following expression for the self-diffusion co- 
efficient of iron 

(Cire Cra) Cars 


1D} = Det; 
a ve 


In 


” 


a ve 


Under the assumptions made, these equations give 
the relationship between the parabolic rate constant, 
the self-diffusion coefficient of iron, and the effec- 
tive diffusion coefficient at any one temperature. In 
the form shown, the value of the expression does 
not depend on the choice of standard state to which 
the activities are referred or on the choice of units 
of concentration. 

The data needed in Eq. 10 for the calculation of 
D* from the parabolic rate constants are listed in 
Table I. Values of concentrations and activities for 
the witistite phase are taken from the works of 
Darken and Gurry” and Himmel, Mehl, and Birch- 
enall.? In these presentations, wistite is considered 
as an ionic solid solution with oxygen activities pro- 
portional to the square root of the equilibrium 
partial pressure of oxygen in the gas phase. Wustite 
in equilibrium with iron is chosen as the standard 
state at any particular temperature and the activ- 
ities of iron are obtained by the usual Gibbs-Duhem 
integration. The factor a is evaluated stoichiomet- 
rically for the case where wustite of an average 
composition is formed from magnetite and iron, the 
average composition of wistite varying with tem- 
perature. 

The resulting values for self-diffusion coefficients 
of iron in wistite of an average composition are 
listed in col. 11 of Table I. These values compare 
favorably with self-diffusivities as determined di- 
rectly by tracer measurements,” Table I. An 
Arrhenius plot of log D* vs the reciprocal of the 
absolute temperature is shown in Fig. 7. The slope 


764—JOURNAL OF METALS, JUNE 1955 


Fig. 6—Diffusion in wiistite was studied by use of markers. 
The markers are still at the oxide-metal interface after an- 
nealing for 14 hr at 900°C, indicating inward migration of 
iron. Sample was etched. X90. Area reduced approximately 
20 pct for reproduction. 


of the curve yields an activation energy of about 
33 kcal per mol for the self-diffusion of iron in 
wustite. 

It must be emphasized that the values obtained 
for D* are approximate ones. The self-diffusion co- 
efficient of iron actually varies with concentration,” 
and the assumption of a constant D* was made in 
simplifying Eq. 7 to Eq. 8. Another uncertainty lies 
with the concentration limits of the wiistite region 
in the Fe-O system. These uncertainties must not 
have been too serious as evidenced by the agree- 
ment attained with the tracer studies. The value of 
33 kcal per mol for the activation energy of dif- 
fusion also compares favorably with the value of 
30 kcal per mol obtained from tracer studies and 
with the approximate value from the oxidation of 
iron.’ This agreement of data on diffusivities and 
activation energies establishes the close relationship 
between the related solid state processes in oxida- 
tion and reduction. 

Summary 

1—The solid state reduction of magnetite by iron 
to form the wtstite phase has been studied in the 
temperature range of 600° to 1090°C. Specimens 
were cut from single crystals of magnetite and par- 
tially reduced in hydrogen at 450°C to form iron- 
magnetite couples. These were annealed at the 
higher temperatures to promote the solid state re- 
action. 

2—The isothermal solid state reaction between 
iron and magnetite formed layers of wistite and the 
thickness of these could be measured accurately 
under the microscope. The reaction was diffusion 
controlled and followed the parabolic law often 
quoted in oxidation studies. 

3—From parabolic rate constants, transport capac- 
ities were calculated for dense wiistite layers of a 
predetermined width, such as are found in the gas- 
eous reduction of hematite and magnetite single 
crystals. Examples were given showing that these 
dense wiistite layers had enough transport capacity 
to account for the observed reduction velocities. 

4—_Marker studies in the reduction of magnetite 
showed that the mass transport across dense wiistite 
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layers was accomplished by the migration of iron. 

5—The theoretical rate equations developed by 
Wagner for oxidation processes were used in esti- 
mating self-diffusivities of iron in wistite from 
parabolic rate constants determined in the reduction 
of magnetite. 

6—There is a close relationship between the oxida- 
tion processes of iron and the reduction of dense 
magnetite and hematite. Both processes involve the 
same type of solid state reactions, and the major 
differences in the overall reaction rates are due to 
the different physical properties of the reaction 
products. In reduction, porosities give rise to smaller 
dense layers and thus a higher rate of mass trans- 
port is accomplished. 
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N a previous publication, the 1200°C isothermal 
section of the Cr-Mo-Co system was surveyed. It 
was found that starting from the binary (Cr,Co)c, 
the o phase extends deep into the ternary system in 
the form of a narrow band, which, when extrapo- 
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Fig. 1—1300°C isothermal section of Cr-Mo-Co system with 

the composition of the alloys used indicated. 


lated to the Co-Mo binary system, does not corre- 
spond to the actual composition of the (Co,Mo)c. 
(The latter is stable only at a temperature above 
1250°C.*) The narrow elongated shape of the ter- 
nary o field at 1200°C is in distinct contrast to the 
o phase field in the Cr-Mo-Fe ternary system, which 
is much broader than those of the corresponding 
binary systems. Another notable feature of the 
1200°C isothermal section in the Cr-Mo-Co system 
was the occurrence of a ternary phase, R, of un- 
known and apparently complex crystal structure. 
In the present investigation, the same ternary 
system was explored at 1300°C where the binary 
(Co,Mo)o phase is also stable. One hundred nine 
alloys were prepared, most of them by vacuum in- 
duction melting. Alloys near the molybdenum cor- 
ner, having higher liquidus temperature, were pre- 
pared in an are furnace using helium atmosphere. 
The composition of the alloys used is shown in Fig. 
1. The alloys were homogenized in a globar furnace 
at 1300°C for periods from 72 to 240 hr, depending 
upon the molybdenum content, using purified helium 
and 8 pct H, atmosphere. After quenching into cold 
water, specimens were prepared for microscopic ex- 
amination and for X-ray diffraction. The accuracy 
of the phase boundaries shown by solid lines in Fig. 
1 is estimated to be +1 wt pct of any component. 
Although considerable difficulties were encount- 
ered in preparing alloys free from segregation at the 
ternary o phase boundaries near the Co-Mo binary 
system (hence the boundaries in this region are 
drawn with dotted lines), the results are quite con- 
clusive in indicating that a continuous field of solid 
solution does exist through the ternary system con- 


Fig. 2—Intermediate 
phases in the 1300°C 
isothermal section of 
the Cr-Mo-Co sys- 
tem. Compositions in 
atomic pct. 
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necting the two binary o phases at 1300°C, Fig. 2. 
At this temperature, the o phase becomes consider- 
ably wider at the ternary range than at the binary 
compositions, in contrast to the results at 1200°C. 

The peculiar concave boundary of the o phase 
field facing the Co-Mo binary side is undoubtedly 
due to the presence of the ternary phase designated 
as D. The composition range of the D phase at 
1300°C includes that of the R phase at 1200°C al- 
though it is distinctly wider. The X-ray diffraction 
pattern of the D phase indicates that its structure is 
different from that of the R phase and that it is 
probably also rather complex. The X-ray diffraction 
lines with Cr Ka characteristic radiation are given 
in Table I. 


Table |. Typical X-Ray Diffraction Pattern of the D Phase* 


Esti- Esti- 
mated mated 
Line Inten- Line In- 
No. Sin’ d sityj No. Sin? d tensity; 
1 0.2078 2.5107 Ww 21 0.4526 1.701 Vw 
2 0.2301 2.3856 VW 22 0.5793 1.504 Vw 
3 0.2339 2.367 WwW 23 0.6420 1.428 Ww 
4 0.2380 2.346 M 24 0.6940 1.374 Vw 
5 0.2469 2.304 WwW 25 0.7171 1.351 Vw 
6 0.2581 2.253 Ww 26 0.7847 1.292 M 
7 0.2742 2.185 VS 27t 0.7872 1.292 M 
8 0.2782 2.170 VS 28 0.8009 1.279 M 
9 0.2923 2137 VS 29t 0.8037 1.279 M 
10 0.3068 2.066 M 30 0.8069 1.274 M 
ult 0.3216 2.018 M 31t 0.8095 1.275 M 
12 0.3268 2.002 S 32 0.8298 1.256 M 
13 0.3342 1.980 M 33t 0.8330 1.256 M 
14 0.3383 1.968 M 34 0.8443 1.246 VW 
15 0.3616 1.903 Vw 35t 0.8473 1.246 Vw 
16 0.3647 1.895 M 36 0.8497 1.242 Vw 
17 0.3788 1.859 M 37 0.8529 1.242 Vw 
18 0.4129 1.781 M 38 0.8652 1.230 Ww 
19 0.4252 1755 VW 39t 0.8680 1.231 Ww 
20 0.4326 1.740 VW 


*Cr Ka radiation, asymmetric Phragmen-type focussing camera. 
Alloy composition: 17 wt pct Cr, 36 wt pct Co, and 47 wt pct Mo. 

+ VW is very weak; W, weak; M, medium; S, strong; and VS, 
very strong. 

t Diffraction lines are due to CrKae radiation. Other lines are 
due to Cr Kai and a2 (unresolved) or to Cr Kai radiation only. 


The solid solubility limits of the body-centered- 
cubic ternary solid solutions based on the Cr-Mo 
binary system and of the face-centered-cubic solid 
solutions near the cobalt corner have not been de- 
termined. The dotted boundaries in Fig. 1 represent 
rough estimates based on the relative amounts of 
these phases present in certain of the alloys. Similar 
estimates indicate that the » phase, which coexists 
with both the o phase and the D phase, may dissolve 
some chromium and extend somewhat into the ter- 
nary composition range, as shown in Fig. 1. 


Summary 

It was found that at 1300°C a continuous field of 
solid solutions connects the (Cr,Co)c with the 
(Co,Mo)o in the Cr-Mo-Co ternary system. The ter- 
nary o phase field is considerably wider than either 
one of the binaries. A new ternary phase, D, of un- 
known and apparently complex crystal structure 
was found at 1300°C at the approximate composi- 
tion occupied at 1200°C by the R phase. 
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Effect of Certain Primary Mill Heating and Rolling Practices 
On Slab Surface Quality 


by H. B. Wishart and C. A. Hope 


4 Ges number and severity of surface imperfections 
on rolled slabs, assuming the reception of uni- 
formly good quality heats from the open hearths, 
depend upon a number of conditions associated with 
heating and rolling of steel in the primary mills. 
While there are other elements that have an effect 
on surface quality, rather than make this paper too 
lengthy the discussion of mill processing variables 
will be limited to three factors in order to illustrate 
their effect on slab surface quality: 1—amount of 
reduction between ingot and slab, 2—slab finishing 
temperatures, and 3—influence of roll changes. 

Measurement of the percentage of surface re- 
moved by scarfing on the flat surfaces of the slabs 
was used for evaluating quality in this study. A 
study of this nature must be made on slabs that are 
inspected and conditioned under uniform conditions 
and standards. In order to be certain that steel of 
the best possible steelmaking quality was received 
at the rolling mills, a low carbon deep drawing 
grade of rimmed steel, made for sheet mill applica- 
tion and manufactured under carefully controlled 
open hearth practices, was selected. Use of this par- 
ticular steel thereby reduced the steel quality factor 
as a possible source of variation. 

The measure of slab surface quality is the amount 
of surface removed by scarfing during yard condi- 
tioning and is expressed as percentage of surface 
removal. This percentage was estimated by experi- 
enced personnel to uniform standards and it should 
be noted that these percentage figures are represent- 
ative only for the grade selected and under the rigid 
inspection standards to which the slabs were sub- 
jected. Surface removal is a matter of concern be- 
cause the imperfections, if undetected, often are the 
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Fig. 1—View of 
the bottom por- 
tion of a_ slab 
shows defective 

area. 
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cause of poor surface quality in the finished product 
and their removal, by conditioning, add to the total 
plant costs. 

The data was collected at various times over a 
period of six months and, with normal weekly fluc- 
tuation in the level of quality, it is to be expected 
that for any period of sampling there will be some 
variation in the plotted results. 

The type of defect that is responsible for most 
slab conditioning at Gary Steel Works is a light 
angular surface break. This defect is usually inter- 
connected to form large defective areas and occurs 
mainly on the bottom half of the slab on both sides. 
This type of defect is illustrated in Fig. 1, showing a 
bottom portion of a slab; while a close-up of an area 
of the same slab where the surface breaks were 
found is given in Fig. 2. The large dark areas are 
heat patterns, results of hot stacking and cooling. 

Independent of these light breaks, but sometimes 
associated with them, are larger and deeper isolated 
breaks. However, most of the surface removal occurs 
from conditioning the large areas of small breaks. 

There are also occasional scabs of varying degrees 
of severity but these are relatively infrequent. The 
slabs are generally free of rolled-in scale. 


Ingot to Slab Reduction vs Quality 

Some ten years ago at Gary Steel Works, the min- 
imum slab ingot thickness was 30 in. Subsequent 
operating and other quality features indicated the 
desirability of using an ingot of reduced thickness 
with the result that a series of molds that would 
produce a 22 in. thick ingot with various widths was 
adopted as standard. A minimum number of the 
thicker mold sets are still used. From the standpoint 
of quality difficulties from pipe and segregation, the 
smaller ingots are an improvement. From a quality 
surface viewpoint, the slab product from the thin 
molds requires approximately twice the surface re- 
moval as the slab product from the thick molds. This 
is shown in Fig. 3 where the percentage of surface 
removal is plotted against slab product rolled from 


Fig. 2—Close-up 
of the same slab 
ase sins 
shows surface 
breaks in the de- 
fective area. 
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various size ingots ranging from 22 to 35 in. thick. 
In order to obtain a representative number of sam- 
ples from slabs rolled from different size ingots for 
the data contained in Fig. 3, various grades of 
rimmed steel were used for this illustration. 

That less reduction has a detrimental effect on 
surface quality can be further seen from Fig. 4 
where surface removal is shown to increase as slab 
thickness increases (or slab reduction diminishes). 
The figure also illustrates surface quality in relation 
to slab width. The slabs in Fig. 4 were all rolled 
from 22 in. thick ingots. 

The amount of side reduction in rolling to finished 
width has little association with defects on the flat 
slab surfaces. However, slab rejections, caused by 
massive edge breaks, are influenced considerably by 
the amount of side reduction. The less the side re- 
duction from ingot to slab, the higher will be the 
rejections. 

The authors do not wish to convey the impression 
that good surface quality cannot be obtained from 
sheet, strip, or plates rolled from slabs produced in 
the 22 in. series ingots, because it can. Rather, the 
data indicate that the amount of slab conditioning 
necessary to provide a good rollable slab is a direct 
function of amount of reduction from ingot to slab. 


Slab Finishing Temperatures ys Quality 

With the installation of automatic recording pyro- 
meters on the exit side of the mills, it was found 
that slabs finished at a high temperature had pro- 
portionately better surface quality than slabs finished 
at a low temperature. This is illustrated in Fig. 5 
by 3260 slabs that had a finishing temperature rang- 
ing between 1900° and 2150°F. 

Higher soaking pit control settings are an aid in 
securing better finishing temperatures but, since the 
increase in possible pit temperatures is limited, such 
settings, by themselves, cannot be considered the 
only means for securing higher finishing tempera- 
tures. Other operating factors that have an effect 
on the temperature are proper scheduling of heats 
through the pits, general operating efficiency of the 
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Fig. 5—Slab surface 
remoyal ys slab finish- 
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pit crews, bunching of ingots on the entry side of 
the mill, slow delivery from pits to the mill, im- 
proper spacing of the ingots in the pits, and main- 
taining waste-gas ports and recuperator tubes at 
maximum operating efficiency. 

Rolling slabs to the high side of the finishing tem- 
peratures will require maintenance of the pits at a 
higher level of operating effectiveness but the results 
should be reflected in lower operating costs and im- 
proved quality. 


Influence of Roll Changes vs Quality 

The length of time that a set of rolls remains in 
use is another factor that influences slab quality. 
The advantages of maintaining good roll surface by 
changing the sets at more frequent intervals is illus- 
trated by data secured from 438 heats finished on 
the 36 in. mill. 

The surface removal of each heat was plotted 
against the number of days that the set of rolls had 
been in use, as shown in Fig. 6. From the data plotted 
in this figure, there is an indication that, as a set of 
rolls wears between periodic dressings, the surface 
quality of the slabs is adversely affected if the rolls 
are used for an extended period of time. 


Summary 

The data presented show that surface quality of 
slabs is affected by the amount of ingot to slab re- 
duction, slab finishing temperature at the last pass 
on the mill, and by the frequency of roll changes. 
As previously mentioned, there are other factors in 
the course of making and rolling a heat of steel that 
can have a detrimental influence on slab surface 
quality. The three selected for presentation in this 
paper are only a part and, in the last analysis, the 
optimum steel surface can only result when proper 
control is exercised over all the factors known to 
affect the quality of the grade under consideration. 


Discussion of this paper, if any, will appear in 
JOURNAL OF METALS, November 1956, and in AIME 
Metals Branch Transactions, Vol. 206, 1956. 
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Aerial view of the Flin Flon 
electrolytic zinc plant of the 
Hudson Bay Mining and Smelt- 
ing Co. Ltd. shows most of 
the metallurgical process units. 
From left to right are shown the 
fuming plant and baghouse, 
copper smelter, and sulphide 
and oxide leaching plants. 
Stack seen in foreground is that 
of the copper smelter and the 
one in the right background 
that of the zinc sulphide 
roasters. 


Processing 


of Zinc Oxide Fume at Flin 


Flon, Manitoba 


by Roy Ellerman 


The hydrometallurgical processing of an impure zinc oxide fume is described. 
Flowsheet includes roasting for fluorine elimination and countercurrent leaching to 
produce a neutral sulphate solution. This solution is combined with zinc sulphide 
leach solution for subsequent purification and electrolysis. Novel to the neutral 
leach step is the use of automatic pH control. 


4 Bea electrolytic zinc plant of the Hudson Bay 
Mining and Smelting Co. Ltd. was erected in 
1929-1930 to process zinc sulphide concentrates pro- 
duced from ore mined at Flin Flon, Manitoba. Since 
1930, production of high purity slab zinc has been 
continuous. In May 1951, construction of a fuming 
plant was completed and operations were started to 
recover zinc from copper smelter reverberatory slag. 
A second zinc-bearing material in the form of an 
impure zinc oxide fume was then made available 
for treatment. Coincident with the construction of 
the fuming plant, additions were made to the elec- 
trolytic zinc plant to recover the zinc in the fume 
as slab metal. 


R. ELLERMAN is Research Engineer in Charge, Zinc Plant Re- 
search and Development, Hudson Bay Mining and Smelting Co. Ltd., 
Flin Flon, Manitoba, Canada. 

Discussion of this paper, TP 4034D, may be sent, 2 copies, to 
AIME by Sept. 1, 1955. Manuscript, Noy. 29, 1954. Chicago Meet- 
ing, February 1955. 
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The original plant capacity of 70 tons of slab zinc 
per day was steadily increased up to May 1951, at 
which time the daily production averaged 130 tons. 
With the advent of the fuming plant and the process- 
ing of zinc oxide fume, production was stepped up 
to the present capacity of 190 tons per day. Of this, 
approximately 48 pct is contributed by the process- 
ing of zinc oxide fume. This additional source of 
raw material has allowed a 20 pct cutback in min- 
ing and milling operations, thereby adding consid- 
erably to the life of the Flin Flon mine. 

Zine sulphide concentrates are treated by the 
usual hydrometallurgical method. Details of this 
operation and plant were described by Carr and 
Reikie in 1935* and Kent in 1951.’ 

The impure fume is treated in two operations. 
First, it is roasted to eliminate fluorine. Next, it is 
subjected to a countercurrent leach with spent elec- 
trolyte to extract the zinc as a neutral zinc sulphate 
solution. During this leaching step, soluble impur- 
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ities such as arsenic, antimony, and germanium are 
precipitated. The degree of purity enables this solu- 
tion to be combined directly with the sulphide leach- 
ing plant solutions. The combined flow is then puri- 
fied and electrolyzed to produce high purity zinc. 
Up to the present time, no build-up, or increase, in 
the level of impurities in the finished electrolyte has 
resulted from using the combined flow method of 
treatment. Fluorine control has never been a serious 
problem at Flin Flon. 


Roasting Process 

Flowsheet of the zinc oxide roasters is given in 
Fig. 1. The primary purpose of the roasting opera- 
tion is to reduce the fluorine content in the fume to 
a level where it does not interfere with the elec- 
trolysis of the zinc sulphate electrolyte produced by 
leaching this fume. Experience has shown this level 
to be 0.003 pct. During electrolysis, minor quan- 
uties of fluorine in zinc cell electrolyte accelerates 
corrosion of the aluminum cathodes. This corrosion 
is generally accompanied by sticking of the zine de- 
posit to the aluminum sheet. In Flin Flon, difficult 
stripping has been experienced with a fluorine con- 
centration of 20 mg per Liter in the cell electrolyte. 
Elimination of this impurity from the fume prior to 
leaching is essential, since there is no satisfactory 
method of removing it from solution to the level re- 
quired. Roasting of the fume has consistently given 
99.9 pct fluorine elimination. 

The source or sources of fluorine in the fume are 
difficult to trace due to assay limitations. Copper 
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Fig. 1—Flowsheet of zinc oxide fume roasters illustrates the 
process for fluorine elimination. 
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concentrate, with its burden of insolubles, silica flux 
and zinc residue, that go to make up the copper 
smelter charge as well as the coal used for smelting, 
probably all contain minor quantities of this ele- 
ment. Concentration of these stable fluorides will 
occur in the reverberatory slag that becomes the 
fuming furnace charge. Under extreme reducing 
conditions in the fuming furnace bath, fluorine is 
driven off in a gaseous form and concentrates by 
absorption on the zine oxide particle. Since the 
fluorine can be driven readily from the fume by 
heat, it is assumed that it does not combine to form 
stable compounds with any of the constituents in 
the fume. 

An average of 115 tons per day of impure zinc 
oxide fume is received from the fuming plant bag- 
house. The assay of this material appears in Table I. 
Continuous delivery of the fume is made to the top 
of the roaster building by a 24 in. belt conveyer over 
a distance of 1305 ft. From the belt, the fume drops 
through a grizzly into a 27 ton capacity receiving 
tank. This tank is equipped with a double outlet 
“Two Stage’ type Redler bin discharger and arch 
breaker operated by a manually controlled variable 
speed de motor. Variable rates of feed up to 10 tons 
of raw fume per hr can be obtained with this type 
of feeder mechanism. Excess fume from the tank, 
over and above that fed to the roasters, may be by- 
passed by gravity to a 120 ton storage bin. This 
rectangular hopper-bottomed bin is equipped with 
a 9 in. horizontal-type Redler feeder that discharges 
the oxide to a 9 in. loop-boot elevator. Rated capac- 
ity of both feeder and elevator is 10 tons of raw 
fume per hr. The discharge from the elevator is 
returned to the receiving tank by screw conveyer. 
The storage bin was deemed necessary to store fume 
in the event that one or both roasting units were 
unserviceable for short periods of time. 

From the receiving tank, a regulated amount of 
fume is discharged to the feed hearths of two Wedge- 
type roasters by short 12 in. screw conveyers. Man- 
ually operated metal siide gates on the outlet of the 
bin discharger are used to split the feed to each 
roasting unit. 


Table |. Average Assay (for 1953) of Zinc Oxide Fume Before and 
After Roasting 


Pet 


Material Zn Pb Fe Cu AS Sb Ge SiO. F 


Zinc oxide 


0.24 0.003 1.4 0.18 
Roasted zine 


The physical nature of the raw fume makes me- 
chanical handling very difficult because of its ten- 
dency to pack into a lightweight integrated mass. 
The flow characteristics of the material are poor 
and it arches badly in bins. These difficulties are 
enhanced by long periods of storage. It has become 
a plant operating policy to keep the fume moving 
at all times and to use storage facilities only when 
necessary. Little difficulty has been experienced pro- 
vided there is a continuous movement of the mate- 
rial and continuous operation of the arch breaker. 

The two modified Wedge-type roasters are 25 ft 
diam, 31 ft high, and have seven burning hearths 
and a top feed hearth. Total hearth area of each 
unit is 2533 sq ft. The flue offtake is from No. 1 
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Fig. 2—Curves show the elimination of fluorine from zinc 
oxide fume in the laboratory kiln as a function of time at 
four temperatures. 


hearth and discharges directly into the main zinc 
sulphide concentrate roaster flue. The insulated 
center column, to which are attached air-cooled 
rabble arms, revolves at one revolution per 45 sec. 
The fourth and seventh hearth each have four rabble 
arms, the others two. Plugging of the charge be- 
tween the rabble blades is evident only on the fourth 
hearth due to high temperatures. The use of four 
rabble arms with rabble blades alternated between 
spacers has minimized this problem. The use of four 
rabble arms on the seventh or bottom hearth ensures 
a more even rate of discharge. Rabble arms and 
roaster column lute rings are of cast alloy iron con- 
taining 1 pct Cr, 1 pet Ni, 2.5 pct Si, 0.6 pet Mn, and 
3.5 pet C. Serviceable life of the arms under con- 
tinuous operation is about three years; lute ring life 
is somewhat longer. Rabble blades give up to five 
years service and are cast from an alloy iron con- 
taining 28 pct Cr and 1.75 pct C. 

Heat to the oxide roasters is supplied by a Bab- 
cock and Wilcox pulverized coal system. Coal con- 
sumption averages 147 lb per ton of oxide roasted. 
External Dutch oven combustion chambers are used 
to house the burners. Three of these chambers are 
evenly spaced around the outer roaster shell of both 
the fifth and seventh hearths. The system is equipped 
for either automatic or manual control, the latter 
generally being used. 

Alberta slack coal is delivered from box cars to 
a 50 ton storage tank by an 11 in. flight conveyer. 
This tank has a built-in electronic control and feeder 
that supplies a regulated amount of coal to a Bab- 
cock and Wilcox type-B coal pulverizer. The pow- 
dered coal is air-conveyed through a diminishing 
diameter steel pipe that loops back to the pulverizer 
through a Babcock and Wilcox No. 42 coal-air 
blower. Offtakes from this main header supply a 
coal-air mixture to each of the Dutch oven burners. 
Warmed primary make-up air is drawn into the 
pulverizer from the center column of the oxide 
roasters. Available heat can be supplemented in 
cold weather by passing the primary air through a 
- steam-operated preheater. Air preheating is neces- 
sary to maintain the operating temperature in the 
pulverizer at 160°F to prevent moisture condensa- 
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tion. Secondary air to the burners is supplied di- 
rectly from fans at 3 oz pressure. 

Two types of Dutch ovens are in use at the present 
time. One roaster is equipped with ovens constructed 
to direct the burner flame along a radius of the 
roaster cross-section. This type has a removable 
arched roof for quick cleaning. The second roaster 
is equipped with ovens constructed to direct the 
burner flame at a tangent to the roaster wall. This 
type of firing causes the hot gases to move in a cir- 
cular path within the hearth space to give good heat 
distribution. Both types have construction and 
operating points in their favor. 

Recently, plant-scale tests were conducted using 
fuel oil firing. The encouraging results obtained 
during this test have prompted conversion of both 
roasting units to this type of firing. Revisions are 
being made at the present time to burn Bunker C 
fuel oil in both oxide roasters. 

Each of the two roasters is equipped with auto- 
matic recording temperature indicators. These record 
the temperature of hearths two to seven in sequence 
at 1 min intervals. 

The hot roasted zine oxide is discharged through 
a chute at the outer edge of the seventh roaster 
hearth to a 12 in. water-cooled screw conveyer. 
From the conveyer, a loop-boot elevator discharges 
the oxide to a % in. Hum-mer vibrating screen. 
Screen oversize, amounting to 2 pct of the roaster 
charge, drops by gravity to an Allis-Chalmers No. 1 
Pulverator Hammer Mill. Screen fines and hammer 
mill discharge drop to a common screw conveyer 
that transports the material to a 12 in. flight type 
Redler conveyer. The latter delivers the entire 
roasted product to the top of the oxide leaching 
plant building, a distance of 230 ft. The first 65 ft 
portion of this flight conveyer has water-cooled 
troughs. Conveyers, elevators, and vibrating screen 
mentioned here have a rated capacity of 10 tons of 
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Fig. 3—Curve illustrates fluorine elimination from zinc oxide 
fume in the roaster as a function of time and hearth number. 
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Fig. 4—Curves show that increasing the roaster temperature 
above 650°C has little effect on the rate at which fluorine is 
eliminated from zinc oxide fume. 


roasted oxide per hr. The hammer mill can handle 
well over 1 ton of lumped oxide per hr. This extra- 
large-sized mill can dissipate up to 12,000 Btu per 
hr, allowing the handling of a light load of hot 
material (500° to 600°C) without special cooling 
or materials of construction. 


Roaster Operating Characteristics 


During the first year of oxide roaster operation, 


experimental work was conducted, in both the lab- 
oratory and plant, to determine roaster operating 
characteristics. Investigations into fluorine removal 
as a function of time, temperature, and tonnage of 
fume treated were carried out. Attempts were also 
made to determine the temperature at which nodu- 
lizing occurs. The results of operating experience 
and test work have now made roasting of oxide a 
relatively trouble-free operation. 

Tests for fluorine removal as a function of time 
and temperature were first conducted under close 
laboratory control, using a small rotary kiln. Sam- 
ples of oxide were removed every 15 min and as- 
sayed for fluorine. Fig. 2 shows the effect of roast- 
ing time on fluorine elimination at various con- 
trolled temperatures. It can be seen that fluorine is 
virtually eliminated after roasting 2 hr at 650°C. 
This work was then transferred to plant operations 
where oxide samples were removed from the dis- 
charge of each hearth of one roaster and assayed 
for fluorine. The retention time for fume on any one 
hearth was calculated to be 15 min. The average 
roaster temperature for all hearths was 540°C with 
a high of 644° on the fourth and a low of 405° on the 
seventh. The results of these tests, Fig. 3, show that 
in actual plant operation fluorine removal is essen- 
tially complete after 1 hr, or after the oxide has 
been discharged from the fourth hearth. During this 
test, 57 tons of fume per day were treated in the 
roaster. Subsequent checks confirmed the foregoing 
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results. Fig. 4 shows a comparison of roasting at 
two different average temperatures, each roaster 
treating essentially the same amount of fume. No. 1 
roaster operated at an average temperature of 504°C 
with a high of 644° on the fourth hearth, while 
roaster No. 2 operated at an average of 638°C with 
a high of 709° on the fourth hearth. A study of this 
graph indicates that increasing roasting tempera- 
ture above 650°C does not increase the rate of fluo- 
rine elimination or the amount removed. 

The effect of increasing the tonnage treated in the 
roaster is to increase the depth of fume on the 
hearths without an appreciable change in retention 
time. Results of test work done to determine the 
amount of fume a roaster could handle efficiently 
is shown in Fig. 5. The tonnage of feed to No. 1 
roaster was 90 tons and to No. 2, 45 tons during this 
24 hr test. The curves show that increased roaster 
load or bed depth has the effect of shifting the loca- 
tion of optimum fluorine removal to a lower hearth, 
No. 5 in this instance. Increased temperature in 
No. 1 roaster does not appear to compensate for load 
increase. It can be assumed from the foregoing re- 
sults that the oxide roasters could be operated effi- 
ciently with loads up to 90 tons per day with a 
margin of safety. 

Attempts to determine the temperature at which 
agglomeration occurs in the roaster, in the size range 
above 1/16 in. mesh, did not meet with much suc- 
cess. Experience has indicated that temperatures 
above 750°C in the roaster result in a large increase 
in the amount of wet classifier sands in the oxide 
leaching plant. Therefore, high roasting tempera- 
tures are avoided. Agglomeration apparently results 
from the fusion of impurities in the fume, such as 
lead, whose oxides melt below 600°C. The particles 
formed by fusion contain about the same average 
zine as the fine material. The percentage of fluorine 
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Fig. 5—Curves illustrate the effect of fluorine elimination 
from zinc oxide fume in the roaster according to the tonnage 
of fume treated. 
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remaining in the lumps and fines, after roasting, is 
about the same, making retreatment of the hammer 
mill discharge unnecessary. The —% in. product 
that passes to the oxide leaching plant has not con- 
stituted a problem. It does not settle out in the leach 
tanks, can be separated from solution by a wet clas- 
sifier, and is readily broken down with a weak sul- 
phuric acid leach. A typical screen analysis of 
roaster products is given in Table II. 

Test work has also indicated that, during roasting 
of the fume, apart from the elimination of fluorine, 
certain other benefits are derived. Impurities such 
as arsenic and antimony are rendered less soluble 
during leaching. The reducing power of the raw 
fume, due largely to absorbed SO, gas, is reduced to 
a trace, a reason why manganese dioxide is not re- 
quired during the leaching process. The apparent 
specific gravity of the raw fume is increased from 
30 to 70 lb per cu ft. 

Dust burden of the flue gas leaving the oxide 
roasters has been found to average 1.7 pct of the 
tonnage of fume treated. Much of this drops out in 
the main flue system. Reabsorption of fluorine by 
dust collected from roaster flues and Cottrell pre- 
cipitators is not evident. 


Table II. Screen Analysis of Oxide Roaster Product 
Screen Vibrating Vibrating 
Mesh, Roaster Dis- Screen, Over- Screen, Under- 

In. charge, Pct size, Pct size, Pct 
+1 0.1 4.8 0.0 
+% 0.2 11.8 0.0 
+¥%e 1.7 18.5 0.0 
+ Y4 5.2 44,2 0.2 
+ 1.4 10.0 3.0 
+1/16 10.0 1.6 is} 
—1/16 (es 9.1 89.5 


The mechanical handling of light dry fume is ac- 
companied by considerable dusting. To eliminate 
this condition as much as possible, all units such as 
the roaster feed hearths, conveyer transfer points, 
bins, etc., are covered and vented to a Draco dust- 
collecting system. This consists of a two compart- 
ment 24 bag unit. The dust is collected and re- 
turned to the roaster feed hearth by conveyer; the 
gas is discharged into the main roaster flue. Floors 
and equipment are kept relatively clean by a vacuum 
sweeper system having outlets at convenient points 
throughout the building. 

Successful operation of the oxide fume roasters 
is a matter of maintaining proper roasting tempera- 
tures. Results of past experience have lead to cer- 
tain fundamental rules of operation as applied to 
this plant: 

1—To maintain a fluorine level in the finished 
electrolyte below 10 mg per liter and to prevent any 
build-up of this element in solution, roasted oxide 
fume must not contain more than 0.003 pct fluorine, 
and preferably 0.001 to 0.002 pct. 

2—To maintain a consistently low fluorine content 
in the roasted product, No. 4 hearth should be main- 
tained at a temperature in the vicinity of 650°C and 
No. 7 hearth should not be allowed to cool below 
550°C. 

3—Temperatures above 750°C should be avoided 
in order to prevent excessive agglomeration of the 
oxide in the roaster. 

4—It is preferable to keep unroasted fume mov- 
ing at all times in order to prevent packing and 
arching of the material in bins. 


TRANSACTIONS AIME 


[oxioe FEED BIN OXIOE FEED BIN 


Oxide Oxide 


Epo 
No | weuTRAL |__.J No 2 NEUTRAL 
PACHUCA PAGHUGA 
Nos 3,4 AND 5 
ACID 
ONTROL VALVE 


NEUTRAL 
Weak Sulphuric 
Asid 


PACHUCAS 


DORR CLASSIFIER 


Slimes 


Ferric Sulphote NEUTRAL 
Solution THICKENERS 
Solution 


Overflow 


Underflow 


Clossifier 
Sands 


DORRCO 
DIAPHRAGM 
PUMPS 


TO ZINC 
SULPHIDE 


IRON LEACH TANKS 


324 A/C 
Steam 


VACSEAL PUMP] 


Zine 

ulphuric Sulphide 
Leach 

du 


OLIVER CONTINUOUS 
ORUM FILTERS 


Coke [SURGE BOx] 


RE-PULP TROUGH 


Slurr, OLIVITE 
Filtrate PUNP 


2x3 VACSEAL PUMP 


OLIVER CONTINUOUS 
ORUM FILTER 


Wash Water 


Cake 
RE-PULP TROUGH 


Slurr 


3x5 WILFLEY 
SAND PUMP 


Oxide Residue 
TO STORAGE POND 


Fig. 6—Zinc oxide leaching flowsheet illustrates the two- 
stage countercurrent continuous process for extracting zinc 
from the roasted fume. 


Zinc Oxide Leaching 

Flowsheet of the zine oxide leaching process is 
given in Fig. 6. The zinc oxide leaching process 
utilizes a continuous two-stage countercurrent leach 
for the extraction of zinc from the roasted fume. In 
the first or neutral stage, an excess of oxide is 
leached with return acid from the electrolytic cells 
to produce a neutral slurry. Thickening of this slurry 
gives a clarified zine sulphate solution and an under- 
flow containing undissolved fume and precipitated 
impurities. The neutral sulphate solution is laun- 
dered to the sulphide leaching circuit for subsequent 
purification and electrolysis. In the second, or acid 
stage, the neutral thickener underflow is leached in 
mechanically agitated tanks with a slight excess of 
cell acid to recover the bulk of the remaining zinc. 
The resultant slurry is thickened. Underflow from 
the acid thickeners is filtered and the filtrate, to- 
gether with the acid thickener overflow, is returned 
to the neutral stage. The filter cake or oxide residue 
is stockpiled pending further treatment. 


JULY 1955, JOURNAL OF METALS—817 


| 
LEACHING ACID LEACH Sulphuric 
ACID THICKENERS 
Underflow 

= 

Wash 
Water SURGE TANK 

SURGE TANK 
| 


Neutral Leach Process: The roasted fume is de- 
livered from the roaster building to the top of the 
oxide leaching plant by flight conveyer. Here it is 
discharged into two 25 ton capacity neutral Pachuca 
feed bins. Delivery surges may be diverted to any 
of three cylindrical steel storage tanks each having 
a capacity of 375 tons. These tanks also store the 
roasted fume during periods when the leaching plant 
is shut down, thus allowing the slag fuming plant 
and oxide roasters to continue to operate. Because 
of additional handling involved when the oxide is 
stored, the storage facilities are used only when 
necessary, and the material is not allowed to remain 
in them for any length of time. Each storage tank 
is equipped with a totally enclosed 7 in. horizontal 
Redler conveyer. This conveyer delivers the mate- 
rial to a 7 in. loop-boot elevator which in turn dis- 
charges the stored oxide to one or both of the Pachuca 
feed bins. All storage handling equipment has a 
rated capacity of 8.75 tons of oxide per hr. 

The feed bins are located directly above Nos. 1 
and 2 neutral Pachucas. They are equipped with 
bin dischargers and arch breakers operated by vari- 
able speed dec motors. From these bins, the roasted 
oxide drops to short type-316 stainless steel launders 
to be carried into No. 1 Pachuca by a flow of cell 
acid and into No. 2 by a combination of acid thick- 
ener underflow and residue filtrate solution. 

Five Pachuca tanks, 10 ft diam by 30 ft stave, are 
connected in series by launders to form the neutral 
leach circuit. Based on a solution flow of 1100 water- 
tons per day, the total retention time of the pulp in 
the Pachucas is 4 hr. 

Roasted zinc oxide fume contains very little soluble 
iron and it is necessary therefore to add this element 
to the Pachucas in the form of ferric sulphate solu- 
tion. The amount used is 1 g of soluble iron per 
liter of Pachuca flow. This reagent is produced by 
leaching iron-bearing residue from the sulphide 
leaching plant. The leach is carried out at elevated 
temperatures in two mechanically agitated tanks 


using cell acid. The leach tanks are 12 ft diam by 
12 ft, one being of steel construction having a homo- 
geneous lead lining while the second is of wood 
stave construction lined with acid-proof brick backed 
by rubber. A measured amount of residue from the 
sulphide leaching plant is pumped as a heavy slurry 
to either of the two tanks. Cell acid is added and 
the temperature raised by steam injection to 70°C. 
Leaching is allowed to continue for approximately 
12 hr, at which time the slurry is discharged at a 
controlled rate to the first neutral Pachuca. Tanks 
are charged and discharged alternately as required. 

The pH of the Pachuca pulp appears to be the 
controlling factor as to whether the iron precipita- 
tion reaction proceeds. Plant practice of discharg- 
ing the final neutral Pachuca at a pH of 5.2 to 5.4 
has consistently produced good leaching results. 
Indications are that with a pH of less than 5.0 there 
is danger of a large increase of impurities such as 
arsenic, antimony, and germanium appearing in the 
neutral leach solution. 

The neutral leach circuit is operated automatically 
by a two-step pH control system. Control points are 
located at the pulp discharge outlets of Nos. 1 and 2 
Pachuca. Each step is independent of the other. 

In the first step as shown schematically in Fig. 7, 
a temperature-compensated pH electrode assembly 
dips into the pulp discharging from No. 1 neutral 
Pachuca. The pH of the pulp is measured using a 
type “R” Beckman continuous pH indicator. The 
electrical impulse from the Beckman indicator is 
amplified, recorded, and converted to an air pres- 
sure in a Bailey controller. Air pressure variations, 
corresponding to pH variations, are relayed through a 
Bailey Standatrol unit to an air-operated Saunders- 
type valve located in the 6 in. acid line to this 
Pachuca. The Bailey selector valve allows the equip- 
ment to be operated manually if desired but this is 
only done when repairing or maintaining the elec- 
trode assembly. The Thy-mo-trol control unit, which 
controls the oxide feed rate, is independent of the 
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Fig. 7—No. 1 Pachuca pH control assem- 
bly has been drawn schematically and 
shows the first step in the automatic con- 
trol of the neutral leach circuit. The pH 
control system was installed in order to 
prevent a large increase of impurities, i.e., 
arsenic, antimony, and germanium, in the 
neutral leach solution. Such an increase 
seems to be indicated when there is a pH 
of less than 5.0. 
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Fig. 8—Schematic drawing of No. 2 Pa- 
chuca pH control assembly illustrates the 
second pH control step. This is indepen- 
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dent of step 1, shown in Fig. 7. Control on 
No. 2 Pachuca acts as a safety measure, 
allowing maximum leaching in No. 1. 
This control gives an assurance that the 
discharge from No. 2 will be at a proper 
pH level for subsequent purification. 
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pH control assembly. This unit is manually adjusted 
to give any desired feed rate. 

Conditions under which No. 1 Pachuca is operated 
have been determined by experience. The present 
plant practice of discharging the pulp at a pH of 
1.8 enables at least 80 pct of the total oxide de- 
livered to the leaching plant to be fed to this Pachuca. 
Consequently, the bulk of the feed is given max- 
imum leaching time. At this pH, no precipitation of 
impurities takes place within the tank and the short 
retention time does not allow all the oxide to be 
taken into solution, some oxide passing on to No. 2. 

To obtain automatic control over these set condi- 
tions, the desired oxide feed rate is selected man- 
ually using the Thy-mo-trol control. The Bailey 
controller allows a pH to be selected at which the 
pulp from No. 1 Pachuca is to be discharged (pH 
1,8). Any deviation from this set value is trans- 
mitted by controlled air pressure to the air-operated 
acid valve and compensation in acid flow is made 
automatically to maintain this selected pH. In other 
words, the pH of the pulp and oxide feed rate are 
held constant, leaving the rate of acid addition as 
the only controlled variable. 

Certain safety devices have been incorporated 
into the control equipment of No. 1 Pachuca to 
guard against failure. The pneumatic acid valve is 
spring loaded. If for any reason the control air 
supply to this valve should fail, the valve will snap 
shut and an alarm bell will ring. The oxide feeder 
motor drives a hydraulic tachometer. Pressure 
exerted by the tachometer is transmitted to a sole- 
noid valve. If the feeder motor should stop for any 
reason, the hydraulic pressure will drop to zero, the 
solenoid valve vents the air line supplying the acid 
valve to atmosphere, and the valve will snap shut. 
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If the pH of the pulp discharge should deviate +0.5 
units from the set value, an alarm bell will ring and 
panel lights will indicate whether the deviation is 
either high or low. 

Fig. 8 shows the second pH control step. Here, a 
pH electrode assembly dips into the pulp discharg- 
ing from No. 2 neutral Pachuca. The pH of the pulp 
is continuously measured with a type “R” Beckman 
indicator. Again, the electrical impulse is amplified, 
recorded, and converted to an air pressure in a Bailey 
controller. Air pressure variations, corresponding to 
pH variations, are relayed through a Bailey Stand- 
atrol unit to a Conoflow valve positioner and vari- 
able resistance. Variations in resistance, which now 
correspond to pH variations, are used to control the 
oxide feed rate to this tank through a Thy-mo-trol 
motor control unit. The Bailey selector valve allows 
the equipment to be operated manually. 

Operating experience has shown that No. 2 
Pachuca should be discharged at a pH of 4.8. At 
this acidity, the pulp carries about 10 to 15 pct 
excess zine oxide. The selection of this value allows 
the remaining three neutral Pachucas to operate in 
the pH range of 5.0 to 5.4, ensuring sufficient time 
for the precipitation of such dissolved impurities as 
iron, arsenic, antimony, and germanium. A pH lower 
than 4.8 would cause impurities to appear in the 
final neutral Pachuca discharge, whereas a higher 
pH would introduce too large an excess of zinc oxide 
in the final pulp. 

To place No. 2 Pachuca under automatic control, 
the Bailey controller is set to a pH of 4.8. Deviations 
from this set value are transmitted by controlled air 
pressure to the variable resistance, and compensa- 
tions in oxide feed rate are automatically made to 
maintain this selected pH. The puip entering this 
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Fig. 9—Chart of the pH recorder shows the discharge from No. 1 
neutral Pachuca. 


tank is that which is discharged from No. 1 Pachuca 
and is at a constant pH of 1.8. Acid thickener under- 
flow and residue filtrate solution that carries the 
oxide into this Pachuca are also at a constant pH of 
3.5. Since the pulp discharging from this Pachuca 
is set at a pH value of 4.8, the only controlled vari- 
able in this step then is the rate of oxide addition. 

The use of a two-step control system was chosen 
to minimize the danger of acid appearing in those 
tanks designated for purification (i.e., Nos. 3, 4, and 
5). The control on No. 2 is actually a safety measure 
to allow maximum leaching in the first Pachuca with 
an assurance that the discharge from the second will 
always be at a proper pH level for later purification. 

The automatic control equipment was designed 
and its installation supervised by the Bailey Meter 
Co. Ltd. Up to the present time, little trouble has 
been experienced with the equipment and shutdowns 
have been infrequent and of short duration. The 
conditions under which the electrode assembly must 
operate require daily maintenance of these units. 
They are cleaned by immersion in hydrochloric acid 
solution and then thoroughly washed with water. 
This procedure removes any incrustation of foreign 
matter. The life of the calomel electrodes is in- 
definite, since they can be renovated with fresh 
solution. Glass electrode life is about one month, 


Fig. 10—Chart of the pH recorder shows the discharge from No. 2 
neutral Pachuca. 


failure being due to the abrasive action of the pulp 
on the glass envelope. 

The final neutral Pachuca pulp, containing 3 pct 
solids, is discharged by launder to a Dorr-type DSFA 
classifier. Classifier slimes flow by launder to four 
Dorr torque thickeners. The thickeners, 50 ft diam 
by 15 ft, are of wood stave construction. All im- 
mersed metal parts are of Everdur. Clarified over- 
flow from these thickeners leaves the plant by 
launder to the first of the neutral sulphide leaching 
plant Pachucas and represents 45 to 48 pct of the 
combined flow. An average assay of this solution 
appears in Table III. The neutral thickener under- 
flow, carrying 30 pct solids, is pumped by 2 in. Dorr 
diaphragm suction pumps to the acid leach section 
of the plant. These pumps, as well as the lines to 
them, are made of Everdur. 

The use of automatic control in the neutral leach 
stage has greatly simplified operations by ensuring 
consistent leaching conditions. Figs. 9 and 10 show 
the charts of the pH recorders for the discharge from 
Nos. 1 and 2 neutral Pachucas. This close pH control 
has resulted in a constant low impurity tenor in the 
neutral thickener overflow, constant excess of zinc 
oxide in the final Pachuca discharge pulp, and good 
settling qualities in the thickeners. The rate of iron 
addition is the only important manual operation 


Table III. Oxide Leaching Plant Assays 


G per Liter Mg per Liter 
Solutions Zn Cu Fet++ Fett+ AS Sb Ge F Co 
Oxide plant 
neutral thickener overflow oo 126.4 0.16 Trace 0.013 1.0 2.6 0.4 5.0 8.3 — 
Oxide plant acid thickener 
overflow 125.2 Trace 0.033 9:7 8.4 2.7 5.9 319 
Iron leach solution 37.3 58.3 —_— 0.7 13.8 176 53 — — = a 
Pct Dry Weight 
Water Acid 
Total Solu- Solu- 
Material Zine ble Zn ble Zn Cu Fe Pb As Sb Ge F Insoluble 
Oxide residue 19.8 8.9 4.3 0.7 12.4 10.6 4.6 1.0 0.016 0.003 13.00 
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Table IV. An Assay Comparison of Zinc Cell Electrolyte Produced Before and After the Advent of the Combined 
Flow Method of Processing Zinc-Bearing Materials 


Mg per Liter Impurity 


Zn, 
Materials Treated Year per Liver Co Cd Fe As Sb Ge F Cu 
Zine sulphide 
concentrates only 198 won 4 10 
1950 133.0 7.7 0.3 19.2 0.02 0.02 4 1.3 
sulphide concentrate and 1951 126.7 7.3 0.4 18.0 0.02 0.02 0.008 6.5 1.2 
zinc oxide fume 1952 126.0 7.2 0.4 18.8 0.03 0.02 0.006 73 12 
1953 132.5 7.9 0.4 17.5 0.03 0.025 0.005 46 1.3 


* Beginning May 1951. 


necessitating close scrutiny by operating personnel. 

The cell acid used in the oxide leaching plant is 
produced during the electrolysis of zinc sulphate 
solution. From the electrolytic cell room, the acid 
is laundered to 40 ft diam by 14 ft steel or wood 
stave storage tanks. All wood stave tanks are lead 
lined while the steel ones are lined with rubber. 
From storage, the acid is pumped through lead or 
polyethylene lines to the oxide leaching plant using 
3x2 Worthite pumps. The acid is delivered to the 
first neutral Pachuca, the first acid leach tank, and 
to the iron leach tanks. Acid flow is considerably 
greater than plant requirements, ensuring available 
acid at all times to each operating unit. Excess flow 
is returned by launder to storage. The average assay 
of this acid appears in Table III. 

Acid Leach Process: The acid leach section is com- 
prised of three mechanically agitated rubber-lined 
steel tanks, 10 ft diam by 12 ft. Continuous leaching 
is made possible by connecting the three tanks in 
series by means of launders. Average solution flow 
through this section is 350 water tons per day. 

Classifier sands from the neutral leach section are 
flushed through a launder to the first acid leach tank 
and are leached by a continuous flow of cell acid. 
The overflow from the first tank joins the neutral 
thickener underflow in a common launder and is fed 
to the second tank. Overflow from the second passes 
on to the third. Pulp discharge from the third tank, 
containing 10 pct solids, is laundered to two Dorr 
thickeners. These thickeners are similar in all re- 
spects to those in the neutral circuit. 

Cell acid is added continuously to the first acid 
leach tank, the rate of flow being controlled by a 
manually operated acid valve. The flow is adjusted 
so that the pulp discharging from the third or final 
tank has a pH of 3.5. This value has been found to 
give maximum zinc recovery with minimum im- 
purity pickup. A lower pH than this would intro- 
duce excessive amounts of impurities such as arsenic, 
antimony, and germanium into the neutral leach 
circuit by way of acid thickener overflow return. 
A portable Beckman pH meter is used for this con- 
trol, and pH readings are taken every 15 min. 

Acid thickener overflow, containing less than 0.1 
pet solids, flows by gravity to a surge box. From 


here, it is pumped through copper lines by 4x3 Allis-_ 


Chalmers pumps to two 20 ft diam by 20 ft rubber- 
lined stave tanks. These tanks are located in the 
neutral leach section of the plant. Rate of discharge 
of this solution to No. 2 neutral Pachuca is con- 
trolled by manually operated valves. 

Acid thickener underflow, containing 35 pct solids, 
is pumped by 2 in. Dorr diaphragm pumps to a 
common launder in which the pulp is Carried to a 
mechanically agitated surge tank. This tank is of 
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wood stave construction and is 14 ft diam by 10 ft. 
From the surge tank the pulp is pumped by a 3x2 
Vacseal pump to two Oliver continuous drum filters. 
The level of the pulp in the filter trough is held con- 
stant by adjustable overflow weirs. Excess feed to 
the trough is returned to the surge tank. 

Due to the slimy nature of the acid thickener feed, 
the settling qualities are poor. To obtain a relatively 
clear overflow, it has been necessary to withdraw 
about one-third of the flow to the thickeners as 
underflow. Consequently, the percentage of solids 
in the underflow is low, thereby adding to the diffi- 
culty of filtering the slimy pulp. Settling aids have 
been tried but, to date, none have been beneficial in 
the pH range at which the thickeners operate. 

Each of the 8x16 ft Oliver filters have an effective 
filtering area of 400 sq ft. The drum surface is of 
wood stave construction, the staves being attached 
to rubber-covered cast iron drum heads. Wood 
staves are of British Columbia fir; drainage screens 
are of redwood. All internal drum piping is of cop- 
per and pipe fittings are of bronze. Drum speed is 
one revolution in 6 min, giving a total pickup time 
of 2 min per cycle. The filter cloth is monofilament 
Saran-type MS-942. The filter cake is discharged 
by wire scraper and falls into a rubber-lined repulp 
trough. Water sprayed through overhead wide- 
angled nozzles washes the cake while on the drum. 
No attempt is made to separate the pulp filtrate and 
wash water. Both are withdrawn from the filter 
through the same pipe. The filtrate is drawn into a 
rubber-lined steel receiving tank from which it is 
pumped by 3x2 Olivite pumps to the acid thickener 
overflow surge box. Vacuum for filtration is sup- 
plied by Ingersoll-Rand pumps at 18 in. Hg. 

In the repulp trough, water is mixed with the 
filter cake to form a pulp containing 50 pct solids. 
From here, the slurry flows by gravity to a mechan- 
ically agitated surge tank, 8 ft diam by 8 ft. 

Filtering difficulties, due to the slimy nature of 
the acid thickener underflow, have been overcome 
by the use of an open weave monofilament Saran 
cloth. Selection of this filter medium resulted from 
testing numerous types of cotton, Orlon, Vinyon, 
and Saran fabrics. The cake does not cling to the 
smooth Saran fiber. This reduces blinding to a min- 
imum and aids in cake discharge. The filtrate carries 
about 1 pct fine solids that have passed through the 
cloth. This is not a great disadvantage, since the 
filtrate is returned to the leach circuit. There is no 
evidence of a build-up of fines in either the neutral 
or acid stages. Filter cloth life, under continuous 
operation, is about four months. 

The cake formed on the filter drum is about 3/16 
in. thick and very compact. Under these conditions, 
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Table VY. Assays of the Two Grades of Slab Zinc Produced at 
Flin Flon, Manitoba 


Grade Pb, Pct Cu, Pct Cd, Pet Fe, Pet Zn, Pet 
Four Nines Plus 0.0017 0.0021 0.0004 0.0004 99.9954 
Electrolytic 0.0051 0.0024 0.0004 0.0013 99.9908 


it is difficult to obtain a good wash. Soluble zinc 
losses are relatively high. To improve recovery, a 
third Oliver drum filter has been installed recently 
and is used to filter the repulped cake from the first 
or primary filtration step. 

Primary repulped filter cake is pumped from 
storage to an 8x16 ft Oliver continuous drum filter 
using a 3x2 Vacseal pump. The filter is similar in 
all respects to the two primary filters. Saran-type 
MS-942 fabric is again used as a filter medium. 
Water is used for cake washing and is sprayed 
through overhead wide-angled nozzles. A wire dis- 
charges the secondary cake to a mechanically agi- 
tated repulp trough. Here, water is mixed with the 
cake to form a pulp carrying 50 pct solids. The pulp 
flows by gravity to a mechanically agitated surge 
tank 8 ft diam by 8 ft. At intervals of about 4 hr, 
the pulp is pumped to a storage pond using a 5x3 
Wilfley sand pump. The 3 in. Transite line to the 
pond is 2150 ft long and is totally enclosed with a 
steam tracer line in an insulated wooden box. This 
arrangement is necessary to prevent freezing of the 
line during the winter months. Oxide residue pro- 
duction averages 24 dry tons per day, the assay of 
which appears in Table III. 

Although the secondary filter is in operation, final 
plans have not been completed. Equipment is to be 
installed shortly to use the secondary filtrate as 
wash water for the primary filtration step. This 
arrangement will minimize water intake to the 
leaching circuit. 

Floor drainage from the neutral and acid leach 
sections are kept separate. Each has its own col- 
lecting sump. Drainage from the neutral sump is 
pumped to the neutral thickeners; from the acid 
section sump, the drainage is pumped to the acid 
thickeners. 

Revisions of the sulphide leaching plant were 


necessary in order to accommodate the increased 
flow resulting from processing zinc oxide fume. The 
number of neutral Pachuca tanks was increased 
from 9 to 11. Continuous zinc dust purification facil- 
ities were extended by 25 pct. Two additional cell 
acid storage tanks were installed, bringing the total 
to five. Finally, zinc dust consumption in the puri- 
fication section was increased from 4% to 5% g per 
liter of solution flow. 

It may be of some interest to compare the purity 
of the final zinc electrolyte produced before and 
after the advent of the oxide leaching plant and the 
method of combined flow. Prior to May 1951, only 
zine sulphide concentrates were processed in the 
zinc plant. Some doubts were expressed as to the 
success of the combined flow method of treatment. 
The main reason for this view was that the high 
impurity content of the fume would cause a gradual 
build-up of harmful impurities such as germanium, 
antimony, and fluorine in plant solutions. As will 
be seen in Table IV, this build-up has not taken 
place. Cell room operations have remained normal 
in most respects. Current efficiencies in the zinc 
cells and the purity of metal produced have re- 
mained average. 

Zine metal production for 1953 averaged 180 tons 
per day. Two grades of zinc were produced during 
that year. The high purity grade Four Nines Plus 
was cast at the rate of 120 tons per day. Electrolytic 
or second-grade metal was produced at the rate of 
60 tons per day. Average assays of both grades 
appear in Table V. 
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Technical Note 


Method of Measuring Film Thickness of Solid Lubricants 


by H. M. McCullough and |. Sheinhartz 


URING the course of a lubrication study in rela- 
tion to the compacting of metal powders, it be- 
came desirable to measure the thickness of sprayed 
graphite coatings on steel dies for hot pressing. The 
thickness of these lubricant coatings ranged between 
0.0001 and 0.002 in. In their particular case, the 
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authors were interested in a method for measuring 
the lubricant thickness on tapered die inserts having 
curved surfaces. The lubricant was sprayed on the 
inserts at an elevated temperature and it was desir- 
able to measure the thickness as soon as possible 
after application. 

Various standard types of commercial equipment 
were tried. Most of the available devices operated 
on either a mechanical or magnetic principle. The 
mechanical devices, such as micrometers, dial indi- 
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Fig. 1—Calibration curve for graphite coating thickness is 
given. Each point plotted is an average of four readings. 


cators, shadow gages, etc., would be satisfactory if 
all the surfaces involved in the measurement were 
flat and parallel. The film thickness then could be 
obtained by measuring the overall thickness of die 
plus lubricant coating and subtracting the die thick- 
ness. The accuracy of these methods would depend 
on the dimensional variations, the parallelism of the 
die surfaces, and thermal expansion variations. 

Magnetic devices are independent of the die ge- 
ometry and they give a very sensitive direct read- 
ing. A serious drawback of the several magnetic 
devices that were tested was their sensitivity to 
oxide films. In the case of hot-pressing dies, the 
oxide film that was always present on the surface 
made it virtually impossible to get reproducible re- 
sults of sufficient accuracy. Since dies were coated 
at slightly elevated temperatures, the variance in 
magnetic characteristics of the die materials upon 
heating also resulted in poor reproducibility of meas- 
urements. These methods are also limited to mag- 
netic die materials. For the authors’ purpose, none 
of the foregoing techniques was entirely satisfactory. 

One other device that does not fit into either the 
mechanical or magnetic classification is the air gage. 
This method was used quite successfully to measure 
the coating thickness in cylindrical dies. The pro- 
cedure is described in detail by N. P. Pinto." This 
method is limited to cylindrical shapes, and the 
measurement has to be made at room temperature. 

A very satisfactory device for measuring these 
graphite coatings on come-apart dies of any shape 
was found to be the superficial Rockwell hardness 
tester. This equipment is available in most labora- 
tories, and it was found to have the necessary sensi- 
tivity and reproducibility. The measurements were 
made by using the standard operating procedure 
specified for the instrument. The coated die was 
placed on the anvil with the coating toward the 
penetrator. The loads were applied in the prescribed 
manner and a reading taken from the dial. 

The ball penetrator used in the test does not act- 
ually penetrate through the graphite film but forms 
a shallow impression in the graphite. The ball com- 
presses the graphite to a density high enough to sup- 
port the major load that is being applied by the 
tester. The greater the thickness of the coating, the 
higher will be the compression needed to achieve the 
necessary density of the lubricant. The effect is sim- 
ilar to the pressing of metal powders where the 
higher the column of powder the greater the stroke 
necessary to attain a given density. Thus, the ver- 
tical motion of the penetrator is related directly to 
the coating thickness. Since each scale division rep- 
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resents 0.001 mm (0.00004 in.) vertical motion of the 
penetrator, the readings would be quite sensitive. 

One requisite for the test to be satisfactory is that 
it be independent of the base material. This is neces- 
sary because the dies usually vary in hardness after 
being heated through several hot-pressing cycles. 
With the smallest standard load of 15 kg and a \& in. 
diam ball penetrator, it was found that consider- 
able variation in the hardness of the base material 
did not affect the readings that were obtained. This 
indicated that there was no penetration into the 
steel that the instrument could detect. The use of 
higher loads, or smaller diameter penetrators, yield- 
ed results that were more sensitive to hardness vari- 
ations within the die itself. The effect of the base 
material on the test can be determined by making 
periodic readings on the uncoated steel. These read- 
ings should not vary. 

The hardness tester was calibrated by measuring 
various coating thicknesses on a flat steel plate by 
means of a shadow gage and plotting these values 
against the equivalent readings obtained with the 
hardness tester. The shadow gage was set up with 
gage blocks and the results were very accurate. The 
resulting calibration curve is shown in Fig. 1. The 
results were reproducible within one-half scale 
division on the superficial tester. Each point plotted 
in Fig. 1 is an average of four readings, and the 
spread was never more than one division. This par- 
ticular calibration curve would hold only for a par- 
ticular type of coating, in this case graphite. Other 
materials would yield a different curve. Also, differ- 
ent types of indenters would give different curves. 
The nonlinearity of the curve shown is a typical 
curve from a ball-type penetrator. 

The scale on the superficial tester is divided into 
100 divisions numbered in a clockwise direction. 
The zero point would be the reading obtained on the 
base material without a coating. In this test it was 
always slightly to the left of the scale zero, ie., a 
dial reading of 98 or 99. As the thickness of the 
coating increased, the dial reading would decrease 
in numerical value. In order to reverse this condi- 
tion and get a value that increased as the coating 
thickness increased, the values plotted on the ab- 
scissa of Fig. 1 are equal to 100 minus the reading 
registered on the dial. 

In these particular experiments, since the surface 
to be measured was concave, a ball penetrator had 
to be used. In the case of flat surfaces, it may be 
desirable to use rod-shaped penetrators having flat 
ends with the flat end facing the coating to be meas- 
ured. This would decrease the sensitivity of the 
measurements in the case of thin coats and also 
make the test less sensitive to variations in the 
hardness of the base materials in cases where softer 
materials were being used. 

In summary, the results indicate that the super- 
ficial Rockwell hardness tester can be used as a de- 
vice for measuring the thickness of sprayed graphite 
and similar coatings at normal and slightly elevated 
temperatures. With a 15 kg load and a % in. diam 
penetrator, a minimum film thickness of about 
0.0001 in. can be measured with an accuracy of 
approximately +0.00002 in. The maximum measur- 
able thickness would depend on the load and the 
diameter of the penetrator. It would increase as the 
load increased and the diameter of the penetrator 
decreased. 


1N. P. Pinto: Measurement of Lubricant on Powder Metallurgy 
Dies. To be published in Lubrication Engineering. 
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Metallic Materials Resistant to Molten Zinc 


by Webster Hodge, R. M. Evans, and A. F. Haskins 


Refractory boron compounds are shown to resist corrosion by molten zinc. Coatings 
were made from ferroboron and manganese boron by several methods: welding, hard 
facing, and pack diffusion; and techniques of coatings are very important. Mechanical 
failure of the diffusion coatings can be partially eliminated by applying them to type 
416 chromium steels rather than carbon steels. Welded coatings made with a tungsten 
arc are better than those made by other welding methods. Sintered compacts of mix- 
tures of iron and chromium borides developed strengths of about 30,000 psi. They re- 
sisted corrosion of zinc at 600°C and oxidation at higher temperatures. 


M OLTEN zinc rapidly attacks common metals of 
construction. The rate of attack is greatly am- 
plified at temperatures over 500°C. However, there 
are many applications where it is necessary, or at 
least advantageous, to use metal construction, such 
as for galvanizing pots and zine smelter equipment. 
Condensers and agitator linings used in continuous 
zine smelting processes are eroded and corroded by 
violently agitated molten zinc. Pumps, tubing, and 
other parts to permit transfer of molten zinc would 
be desirable in many zinc handling operations. The 
development of metallic materials which are resist- 
ant to molten zinc also might permit its use as a 
heat-transfer medium in modern high efficiency 
power plants. 

In reviewing previous work on zinc-resistant met- 
als, it was evident that most of the available data 
refer to corrosion at temperatures just above the 
melting point. Tungsten and high Mo-Fe alloys con- 
taining more than 80 pct Mo resist corrosion by 
molten zinc.” * Imhoff states that because chromium 
is not attacked by zinc, chromium plating improves 
galvanizing pot life.* Nitrided cast iron has been used 
in die-casting machines* where the molten alloy is 
96 pct Zn and 4 pet Al. Other metals that have been 
suggested as of possible value for zinc resistance are 
columbium, tantalum, and titanium.’ The corrosion 
of steel by zinc has been discussed by many 
authors.” *” None of these materials resisted corro- 
sion by molten zinc at the temperatures used in this 
investigation, i.e., 600° to 700°C. 


I. Exploratory and Resistant-Coating Tests 

To make a study of zinc-resistant metals, explora- 
tory tests were conducted to sort out roughly those 
materials which seemed most worthy of further de- 
velopment. This preliminary study included both 
solid metals and surface coatings. 

Exploratory Corrosion Tests in Molten Zinc—In 
initiating a study of this problem, numerous samples 
of metals and alloys were evaluated by dynamic 
corrosion tests made at 440°C. Each metal was 
tested in its most readily available form, which, be- 
cause of shape and size, was often unsuited for 
standard corrosion testing. 

The equipment used for dynamic corrosion testing 
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Fig. 1—Schematic diagram shows machine used for dynamic 
zinc corrosion testing of all materials except those used in a 
few initial experiments. 


of all materials, except in a few initial experiments, 
is shown in Fig. 1. Samples were tied to tungsten rods 
with tungsten wire, immersed in the zinc, and re- 
volved at 12 rpm about the circumference of a 4 in. 
diam circle. Speed of travel was about 12.5 fpm. 
The molten zine was protected from oxidation by an 
atmosphere of carbon monoxide, or, at a later period 
in the program, by a 9:1 mixture of nitrogen and 
hydrogen. When the effect of both molten metal and 
atmosphere was desired, the zinc level was lowered. 
Special high grade zinc was used in all of the cor- 
rosion tests. 

Corrosion losses for materials tested are shown in 
Tables I and II. Whenever the materials were avail- 
able in suitable form, the losses are reported in mils 
per year. It was recognized that weight losses on 
irregularly shaped specimens did not show the cor- 
rosion rate but the important consideration—poor 
resistance to corrosion—could be determined readily. 
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Table I. 


Results of Zinc Corrosion Tests 


Metal Nominal Composition, Pct, and Condition 


Pct Wt Loss 


in 50 Hr Comments 


Stainless 446 
Stainless 310 
Hastelloy “‘B”’ 
Hastelloy ‘‘C’’ 
Stellite 21 


27 Cr steel; sheet 

26 Cr, 20 Ni steel; sheet 
33 Mo, 7 Fe, balance Ni 
20 Mo, 18 Cr, 6 W, 7 Fe, balance Ni 
27 Cr, 6 Mo, 2 Ni, 1 Fe, balance Co 


Hoskins 10 37.5 Cr, 7.5 Al, balance Fe 

Colmonoy No. 6 66 Ni, 17 Cr, 4B, balance Fe, Si, C; rod 
Duriron 14.5 Si cast 

Cast iron 


Colmonoy WRC 100 16 Cr; 3.5 B, 20 W, balance Fe; rod 


Colmonoy WRC 100 
Carbon steel 


16 Cr, 3.5 B, 20 W, balance Fe, Si, C; rod 
1010 cold rolled 


Tungsten Commercially pure, sheet 
Molybdenum Commercially pure, sheet 

Titanium Pure, iodide, vacuum melted, cold rolled 
Zirconium Commercially pure 

Tantalum Commercially pure 

Chromium Commercially pure 

Cobalt Commercially pure 

Boron Battelle made, pure 

Silicon Commercially pure 

Manganese Commercially pure, electrolytic 
Columbium Commercially pure, foil 

Vanadium Battelle, contained 3.5 pct Fe 
Tungsten Commercially pure, sheet 
Chromium Commercially pure 

Molybdenum Commercially pure 

80 Mo-20 Fe Battelle made, sintered bar 

95 Mo-5 Ta Battelle made, melted button 

80 Mo-20 Cr Battelle made, melted button 

95 Mo-5 Cb Battelle made, sintered bar 

MoSiz Battelle, Si vapor coated on Mo wire 


Battelle, B vapor coated on steel 
Coating from siliconized iron 


Boronized steel 
Silicon iron 


Pure Metals Tested at 440°C 


4 
Pure Metals Tested at 700°C 
0.04 


Commercial Alloys Tested at 440°C 
22 


—_— Corroded too badly to weigh 
33 


ae Not uniformly wet 
6 


Commercial Alloys Tested at 700°C 
12 


Completely consumed 


0.007 Not wet, not discolored, average 2 samples 

32 Not wet, not discolored, average 4 samples 

— Completely consumed in less than 50 hr 
60 Fish-scale surface after corrosion 


— Broken sample prevented weighing, corroded when 
surface was abraded in zine 

2.4 Attack concentrated where holder rubbed sample 
— Completely consumed in less than 50 hr 

1.600 Weight loss due to fracture of sample, not wet 

0.200 Weight loss due to fracture of sample, not wet 
Completely consumed in less than 50 hr 
Completely consumed in less than 50 hr 


Not wet 
— Consumed in less than 50 hr 


12 
Special Alloys Tested at 440°C 


0.02 Not wet, same results with sintered bar 

— Not wet, weight gain at 50 hr, same results with 
sintered bar 

0.44 Wetted by zinc 

0.14 Not wet, weight gain at 200 hr 

6 Brittle coating showed craters after corrosion 

0 


For discussion purposes, the metals lsted in 
Tables I and II are divided into three groups: pure 
metals, commercial alloys, and special alloys. 

Commercial Alloys: At 440°C, cast iron,* high 
silicon iron,* and mild steel* were almost as resist- 


*It is common knowledge in the zinc industry that these metals 
corrode very rapidly in zinc at temperatures above 500°C. 


ant to zinc as were the higher alloy metals. Alloys 
not resistant at 440°C were presumed not ‘to be 
resistant at 700°C. 

Pure Metals: Tungsten, in a reducing atmosphere, 
was almost completely resistant to zinc, even at high 
temperatures. It did not appear to be wet by the 
zinc, either when abraded or vibrated ultrasonically 
in the molten zinc bath. Corrosion did occur at a 
very slow rate at the zinc atmosphere interface; two 
sets of % in. diam W holding rods sufficed for 
almost continuous corrosion testing for a period ex- 
ceeding 34% years. Tungsten, however, has poor re- 
sistance to oxidation, especially above 600°C. 

Boron and silicon, not being wet by molten zinc, 
were completely resistant to it. The losses recorded 
were due to experimental difficulties with the brittle 
samples. These results led to an extended research 
on commercial ferroborons, manganese borides, and 
chromium borides. Ferrosilicons were not included 
in the development, because siliconized iron and 
high silicon cast iron showed little promise of re- 
sistance to zinc corrosion at elevated temperatures. 

Special Alloys: Molybdenum alloys, made by pow- 
der metallurgy techniques, and some special boron- 
containing commercial alloys of the Colmonoy type 
were evaluated. It was found that most of the addi- 
tions to molybdenum did improve its resistance to 
zine. Poor fabrication characteristics and high costs 
discouraged further development of these alloys. 

-Cr-W-B alloys of the Colmonoy type showed 
promising resistance to zinc in initial corrosion tests. 
However, alteration of these alloys by the addition 
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Table Il. Results of Zinc Corrosion Tests 
Corro- 
Nominal sion Rate, 
Composition, Mils per 
Pct, and Year, 50 
Metal Condition Hr Test Comments 
Commercial Alloys Tested at 440°C 
Carbon Steel 1010 cold rolled 686 — 
Pure Metals Tested at 440°C 
Tungsten Commercially pure 0.3 Data from 
Table I 
Molybdenum Commercially pure 67.0 Data from 
Table I 
Special Alloys Tested at 440°C 
Mo-W 90 Mo-10 W, hot- 
rolled sintered 10.0 Not wet 
Mo-W 80 Mo-30 W, hot 
rolled sintered bar 0.0 Not wet 
Mo-W 70 Mo-30 W, hot 
rolled sintered bar 2.6 Not wet 
Mo-Fe 15 Mo-85 Fe, forged 
bar 319.0 
Mo-Fe 35 Mo-65 Fe, cast 
ingot 363.0 — 
Mo-Fe 50 Mo-50 Fe, cast 
ingot 486.0 — 
W-Fe 17 W-83 Fe, forged 
bar 685.0 — 
Pure Metals Tested at 700°C 
Tungsten Commercially pure 2.5 Data from 
Table I 
Molybdenum Commercially pure 727.0 Data from 
Table I 
Special Alloys Tested at 700°C 
Mo-W 80 Mo-20 W, hot Corrosion 
rolled sintered not 
bar 264.0 uniform 


of other resistant metals failed to improve the basic 
alloy. 

Intermetallic compounds of several of the transi- 
tion metals, fabricated by powder metallurgical 
techniques, were found to resist corrosion by zinc. 
Their development is reported in the section of this 
paper entitled “II. Sintered Borides.” 

Production of Zinc-Resistant Metallic Articles— 
The most promising materials for further study 
were boron, silicon, chromium, tungsten, molybde- 
num, and the alloys of these metals. Other alloys 
capable of resisting zinc were Fe-B, Mn-B, and sim- 
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Fig. 2—Typical group of weld coatings of ferroboron on steel panels are shown after exposure to zinc at 590°C. Sample 1, normal coating 
produced by tungsten arc, showed serious attack after 100 hr exposure. Sample 2, thin coating produced by tungsten arc, showed very little 
attack after 100 hr exposure. Sample 3, extra thin coating, tungsten arc, failed after 40 hr exposure. Sample 4, extra heavy coating pro- 
duced by tungsten arc, showed serious attack after 100 hr exposure. Sample 5, normal coating by carbon arc, failed after 40 hr exposure. 


ilar borides and silicides. Most of these metals and 
alloys had some inherent characteristic which pre- 
cluded their use in the available commercial form. 
Alloys containing significant amounts of boron, sili- 
con, manganese, and chromium were hard, brittle, 
and unworkable. Alloys of tungsten and molybde- 
num required the development of special fabrication 
techniques. Diffusion coating, flame spraying, paint- 
ing, welded surfaces, and powder metallurgy tech- 
niques were used in attempts to circumvent the diffi- 
cult fabrication problems posed by the brittle 
refractory materials. 

Coatings Produced by Arc and Gas Welding Meth- 
ods: Zinc-resistant boron-containing alloy coatings 
were produced by welding boron or borides to steel 
with oxyacetylene, carbon arc, shielded tungsten 
arc, and atomic hydrogen arc. The coating alloy was 
applied either by use of especially produced welding 
rods or by coating a steel plate with a paste contain- 
ing the alloy before welding. The coated samples 
were tested for resistance to corrosion by making the 
test plate the bottom of a refractory crucible con- 
taining zine. Static corrosion tests at 590°C were 
used because of difficulties encountered in coating 
specimens on all sides, a necessity for dynamic cor- 
rosion testing. 

Experiments with commercial ferroborons showed 
that a minimum of 12 pct B was required to give 


Fig. 3—Two specimens of 
steel, attached to small tung- 
sten rods, were diffusion 
coated with pure boron and 
subjected to corrosion in zinc 
at 600°C. Specimen 10 was 
tested for 111 hr and 10A 
tested for 63 hr. 
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satisfactory resistance to molten zine at 590°C. 
Therefore, the coating rods and pastes contained at 
least 18 pct B to help overcome dilution during 
welding. It was difficult to produce uniform coatings 
if the boron content of the rod or paste was increased 
to 24 pet. Coatings which were resistant to molten 
zinc at 590°C were produced by all weld surfacing 
methods, but consistently good coatings were ob- 
tained only when the shielded tungsten arc was used. 
Overheating and consequent dilution of the boron 
alloy with iron was a difficulty encountered with all 
surfacing methods. 

The best coatings were produced with the tung- 
sten arc when the rods consisted of thin-walled steel 
tubes filled with 24 pet ferroboron. If a paste was 
used, 18 pct ferroboron with a small percentage of 
either tungsten or manganese added gave the best 
results. The binders used were important. Resinous 
binders were unsatisfactory because they carbonized 
and caused discontinuities in the coating. Silicate 
binders promoted the flow of the coating alloy; 
sodium silicate gave the best results with extruded 
rods, potassium silicate the best with paste coatings. 

Fig. 2 is a typical group of weld-coated steel 
panels after exposure to molten zinc at 590°C. Vary- 
ing degrees of melting in were used with all of the 
experimental coatings. It is evident from Fig. 2 that 
a better technique was required. Either too heavy or 
too thin coatings had less resistance than moderate 
coatings which are designated as thin. 

Two types of attack by the zine are evident in 
Fig. 2. On heavy coatings, corrosion is serious and 
uniform which indicates that too much melting in 
diluted the boron content below the required mini- 
mum. Too little melting in resulted in a pitting type 
of corrosion evidenced by the columnar structure of 
sample No. 3 in Fig. 2. The solid masses on samples 
No. 3 and 5 are refractory Zn-Fe compounds, cor- 
rosion products that were formed during the test. 

These experiments showed that zinc-resistant 
coatings on steel.can be produced by welding ferro- 
boron of not less than the 18 pct grade to the surface 
of steel plates. Tungsten can be added to the ferro- 
boron to increase the resistance of the coating to 
zine. The development of the correct welding tech- 
nique is very important for the successful production 
of zinc-resistant coatings. 

Flame Sprayed, Painted, Vapor Deposited, and 
Electrolytic Coatings: Two types of flame spray guns 
were used to apply coatings to steel plates and rods; 
both guns sprayed the powdered boron alloy through 
an oxyacetylene flame. Coatings were made from 18 
and 24 pct ferroboron and from commercial amor- 
phous boron. 

Uniformly adherent flame-sprayed coatings of 
ferroboron were difficult to apply because these 
coatings invariably spalled and'crazed. Amorphous 
boron coatings rubbed off easily. Sintering of the 


TRANSACTIONS AIME 


| 
Ge 
LOAI 


sprayed coatings improved the adherence of the 
coatings but did not prevent their spalling. Low 
melting Fe-B alloy formed during sintering caused 
washing. The resultant coating had areas that were 
too low in boron content for good resistance to zinc. 

Painting powdered mixtures of boron or B-Fe 
alloys on a steel surface followed by heating proved 
impractical because a porous coating was left when 
the binders and carriers were burned out. Either 
fusing or sintering alloys painted on or applying 
them by flame spraying was not successful because 
a low melting low boron coating was formed. 

Molybdenum, vapor coated with silicon, showed 
excellent resistance to molten zinc but the material 
had poor mechanical properties. : 

Vapor-deposited boron coatings were made on 
steel by exposure to boron trichloride at from 800° 
to 1000°C. Thin coatings made in this manner cor- 
roded uniformly in molten zinc; heavier coatings 
failed by pitting corrosion. Electrolytic deposits of 
boron on steel were not resistant to attack by zinc 
because the soft amorphous boron deposit was 
quickly eroded away. 

Pack Diffusion Coatings: Pack diffusion coatings 
were produced by packing powder around an object 
to be coated and then heating the pack. Boron or 
boron alloys were diffused into steel samples at 
980°C in an atmosphere of hydrogen or hydrogen 
chloride. The diffusion coating period varied from 
18 to 48 hr. Diffused coatings were produced from 
pure boron, ferroboron (24 pct B), manganese (17 
pet B) boron, chromium diboride, and mixtures of 
these materials. If properly applied, the coatings 
were almost completely resistant to molten zine at 
temperatures up to 600°C. Dynamic corrosion tests 
that had a life of between 100 and 200 hr were com- 
mon in the laboratory. Fig. 3 shows two specimens, 
attached to small tungsten rods, that were coated in 
pure boron. The bulged upper ends are formed by 
Sauereisen cement that was used as an aid in hold- 
ing the specimens. 

Early in the work on diffusion coatings with boron 
and ferroboron, it was found that the coating con- 
sisted essentially of two needlelike phases. If the 
second phase (high boron, H in Fig. 4) was not 
present, the coating was not resistant to zinc. The 
formation of the high boron phase depended upon 
sufficient length of coating time. If the coating times 
were too long, however, the coatings did not adhere 
well to the base material. Under these conditions, 
two types of cracks developed and caused subse- 
quent failure. Peripheral cracks that formed be- 
tween the outer zinc-resistant phase and the inner 
nonresistant phase (as between H and G in Fig. 4) 
caused the desired coating material to spall. Radial 
cracks also developed, as at I in Fig. 4 and C in Fig. 
5, which permitted penetration of the zinc to the 
base metal. Figs. 4 and 5 are before and after pic- 


Fig. 4—Before: mi- 
crograph of pure 
boron diffusion coat- 
ing on steel before 
exposure to zinc 
shows that the coat- 
ing consisted essen- 
tially of two phases, 
H and G; IJ, radial 
crack; E, base metal. 
Specimen as polished. 
X100. Area reduced 
approx. 45 pct for re- 
production. 
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tures of the same specimen. In Fig. 5, C is zine in a 
radial crack and F and D are high zinc areas. Area E 
in both figures is the base metal. 

Cracking may be caused by differences in expan- 
sion of the various components of the coated steel. 
An examination of available literature on thermal 
expansion measurements revealed nothing on the 
subject of metal compounds applied as coatings on 
metals. However, the literature was replete with 
information on the coating of metals and ceramic 
bodies with glazes. The processes involved in these 
operations were applicable to the authors’ problems. 

The thermal expansion of the coating and base 
materials and their relation to each other are the 
most important of the factors that determine the ad- 
herence of a ceramic coating. Bell” states that the 
coating should be in compression (but only slightly) 
if resistance to cracking is to be expected. He does 
not clarify his reasoning that the coating is in com- 
pression if the coefficient of expansion of the coating 
is less than the base material. However, at high 
temperatures the coating material is relatively plas- 
tic so that, if the base material has the higher co- 
efficient of expansion, the coating will be in com- 
pression when the composite is cooled. Dietzel and 
Meures™ cite the need for a graduated series of 
layers in the coating with the expansion coefficient 
varying in order from the high value of the base to 
the low value of the outer coating. They also em- 
phasize the role of coating thickness. Thinner coat- 
ings are considered best. 

Merritt and Peters” and Saunders” show a method 
for using small chips of the coating material for in- 
terferometer measurement of the expansion. By 
adaptation of these methods, diffusion-coated steel 
tubes which were essentially all Fe-B compound 
were used to obtain expansion data on the coating 
material. Other works of Merritt and Peters” were 
also helpful in this work. Dilatometric measure- 
ments were made over the range from 20° to 600°C 
on the base steel and on a coated specimen, and in- 
terferometric measurements were taken on chips of 
the coating. These measurements produced the fol- 
lowing data: carbon steel, 16.5x10° in. per °C; 
coated specimen, 13.6x10° in. per °C; and coating 
chips, 13.0x10° in. per °C. 

Since the expansion coefficient of carbon steel is 
so different from that of the coating, cracks would 
be expected in the coating. To minimize this differ- 
ence, 12 to 14 pet Cr steel with a coefficient of ex- 
pansion of about 13x10° in. per °C was chosen. 
Diffusion coatings on types 416 and 430 stainless 
steels were similar to those on low carbon steels; 
see Fig. 6. Although the radial cracks were elimi- 
nated, the peripheral cracks remained. 

Corrosion tests of boron coatings on chromium 
steels showed great improvement over similar coat- 
ings on plain carbon steels. Penetration of the zinc 


Fig. 5—After: micro- 
graph of the same 
specimen as in Fig. 
4 shows the effect of 
exposure to zinc. C 
labels a zinc-filled 
radial crack; F and D 
are high zinc areas. 
E is the base metal. 
Specimen as polished. 
X100. Area reduced 
approx. 45 pct for 
reproduction. 
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a—Type 416 chro- 
mium steel was 
treated for 36 hr. 


b—Type 416 chro- 
mium steel _—-was 
treated for 36 hr. 


Fig. 6—Chromium steel samples were diffusion coated in pure boron. The microstructure 
studies show that radial cracks were eliminated but that peripheral cracks remained. Both 
samples were etched with picral. X100. Area reduced approximately 45 pct for reproduction. 


through radial cracks to the base metal was elimi- 
nated. Spalling of the coating was responsible for 
all failures. Fig. 7 shows three chromium steel speci- 
mens which were exposed to molten zine at 600°C. 
Two types of failure are apparent: pitting as illus- 
trated in specimen No. 1 and spalling as in specimen 
No. 2. Specimen No. 3 shows a later stage of corro- 
sion after spalling has occurred. 

The pitting failure was rather uncommon and was 
associated with a honeycombed outer high boron 
phase that was sometimes obtained. Such a coating 
is shown in Fig. 8. The cause of the honeycombed 
structure was not found, but it is thought to be 
associated with such variables as rate of heating, 
atmosphere, and possibly density of the packed coat- 
ing material. 

Thin coatings, although they were more adherent, 
were not resistant because the high boron phase was 
not present. The addition of tungsten, molybdenuin, 
and chromium to the coating powder mix failed to 
eliminate spalling and cracking. 

Conclusions—No common metal or alloy has been 
found that is resistant to zinc and zine vapor and to 
oxidation at 600°C. Tungsten resists corrosion by 
molten zinc at this temperature, but it fails in an 
even slightly oxidizing atmosphere. 

Zinc-resistant coatings were found that could be 
applied to low carbon steels. These coatings can be 
made by welding and hard facing methods. Diffusion 
coatings on type 416 stainless steel showed special 
promise. Zinc-resistant coatings were made from 
refractory boron alloys such as ferroboron and man- 
ganese boron that contain at least 12 pct B. The 
technique used to apply the coating material was 
extremely important in the production of coatings 
free from defects. Consistently satisfactory coatings 
were difficult to obtain. 

Basic knowledge of the resistance of various mate- 
rials to corrosion by molten zinc has been gained 
from these experiments. More work is needed to 
develop further the practical equipment needed for 
handling zine based on these findings. It is believed 
that additional study of the following factors may 
permit consistent production of crack-free zinc- 
resistant coatings: 1—effect of surface preparation, 
2—effect of particle size in diffusion packing pow- 
der, 3—effect of atmospheres, 4—identification of 
metal phases produced during coating, and 5—choice 
of proper combinations of coating and base materials. 


Il. Sintered Borides 
Coatings of iron boride and mixed borides of 
chromium or manganese and iron on steel have been 
shown to resist corrosion effectively in zine or zine 
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vapor at temperatures up to about 600°C (1100°F), 
if only the higher boron phases of these metals are 
exposed to zine. Furthermore, it was shown that 
FeB, the higher boron phase, could be diluted with 
iron to a mixture of Fe.B and FeB containing only 
12 pet B and still retain most of its resistance to 
attack by molten zinc. With this knowledge, it was 
a natural step to investigate the corrosion resistance 
of sintered materials whose composition could be 
controlled closely. 

Some aspects of the sintered borides under con- 
sideration had been studied by Hagg and Kiessling” 
and McBride et al.” Steinitz and Binder™ investi- 
gated sintered bodies formed by powder metallurgi- 
cal techniques from borides of the transition metals. 
The ultimate objective of their work was to develop 
mechanically strong and oxidation-resistant mate- 
rials suitable for cutting tools. To the authors’ 
knowledge, no previous attempt had been made to 
develop these materials for resistance to corrosion 
by liquid metals. Recently however, Schwartzkopf 
and Glaser™ have reported that sintered zirconium 


Fig. 7—Three boron-coated chromium steels were exposed to 
molten zinc at 600°C. Specimen 1 shows pitting-type failure; 
specimen 2, spalling; and specimen 3 illustrates a later stage 
of corrosion after spalling has occurred. 
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boride shows high resistance to aluminum, tin, high 
copper brasses, lead, and copper. 

Raw Materials— The raw materials used in this 
phase of the research were: iron boride (ferro- 
boron) containing 24 pct B; manganese boride, 17 
pct B; a nominal amount of chromium boride, 26 pct 
B; and various metal powders. The iron boride con- 
tained a large excess of boron over the amount re- 
quired to form FeB. The manganese boride was 
essentially MnB. The chromium boride was a com- 
mercial product sold as “CrB.”. Although the actual 
composition of CrB, may have varied appreciably 
from the theoretical formula, its exact composition 
was not determined. In any case, it contained an 
excess of boron beyond the amount required to form 
CrB. The inability to form strong sintered compacts 
with manganese boride and iron probably was in- 
fluenced by the lack of an excess of boron in the 
base material over that required to form MnB. 

Preparation of Compacts—All of the borides that 
were cold pressed were prepared with a binder for 
added green strength. The maximum pressure for 
compacting usually was 11,000 psi. The green com- 
pacts were dried at about 150°C before presintering. 

Powders to be hot pressed were placed in the 
mold dry with no additional binder. 

Sintering: A review of the Fe-B phase diagram 
may assist in understanding the reactions during 
sintering. At the high iron end of the diagram, a 
‘ eutectic with 3.8 pct B that melts at 1174°C occurs 
between pure iron and the « phase. The e phase, 
which theoretically contains 8.82 pct B, melts at 
1389°C. The diagram also shows a phase, n, contain- 
ing 16.23 pct B. The 7 phase inverts to y’ at 1131°C, 
which melts at approximately 1550°C. In this paper 
e is referred to as Fe.B and y or 7’ as FeB. Both man- 
ganese and chromium, with atomic weights close to 
that of iron, form similar compounds. The binary 
phase diagrams of B-Mn or B-Cr are very similar to 
the B-Fe diagram. Similar borides of these metals 
(e.g., FeB, CrB) formed solid solutions (mischcrys- 
tals) in every sample examined during this study. 

Melting point determinations were made as a 
guide in selecting sintering temperatures. Normally 
for powdered metal compacts, the proper sintering 
temperature would be in the range from about half- 
way between room temperature and the melting 
point to 75° or 50°C below the melting point. In this 
work, it was found that rapid sintering at higher 
temperatures produced the best bars. 

Compacts sintered slowly at lower temperatures 
formed sweat beads. Presumably the boron and iron 
first combine to make Fe.B, which then forms eutec- 
tic with uncombined iron. The beads observed on 
slow sintering are composed of the eutectic. Later, 
when all of the iron has combined with boron, the 
eutectic disappears. Rapid high temperature sinter- 
ing apparently forces the compound to form at a rate 
such that sweating of the eutectic cannot occur. All 
sintering and presintering operations were con- 
ducted in a hydrogen atmosphere. 

Compacts based on iron boride could be sintered 
equally well whether they were heated in a muffle 
or by induction. Compacts based on chromium 
boride heated somewhat inefficiently by induction, 
while those based on manganese boride could not be 
brought to sintering temperature by this method. 
Manganese boride (MnB) appeared to act as a non- 
conductor. 

Properties of Cold Pressed and Sintered Bodies: 
Typical properties of cold pressed and sintered com- 
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Fig. 8—Pitting fail- | 
ure of boron diffu- 
sion-coated type 430 
stainless steel was 
rather uncommon and 
associated with a 
honeycombed outer 
high boron phase 
sometimes obtained. 
Specimen picral 
etched. X100. Area 
reduced approx. 40 
pct for reproduction. 


pacts of uniform cross-section are shown in Table 
III. The data indicate the advantage in strength ob- 
tained when a part of the boride is formed by diffu- 
sion into metal powder admixtures. 

The least expensive mixture from which reason- 
ably high and consistent strengths were obtained 
was 67.7 pct ferroboron (24 pct B) plus 32.3 pct Fe 
powder. Sintered compacts of this mixture should 
be essentially FeB. Compacts based on chromium 
diboride with additions of iron, cobalt, and nickel 
were stronger and more resistant to oxidation. The 
bar graph in Fig. 9 indicates the comparative 
strengths of the sintered borides and those of 
graphite and gray iron. Since cobalt and nickel are 
expensive, mixtures containing these elements 
would be chosen only when the density, increase in 
strength, and oxidation resistance over that of the 
CrB,-Fe mixture might be especially important. 

Effect of Reheating in Air: The strength of the 80 
pet CrB.-20 pct Fe compacts could be nearly tripled 
(from 10,300 to 29,900 psi) by reheating them to 
700°C in air for 2 hr. Reheating similar compacts in 
air to 800°C increased their strength only slightly, 


45,000 
fA Resistant to zinc at 600 ¢ 77 
/ 
FA Not resistant to zinc at 600 C / 
40,000 
/ 
35,000 
/ 
/ 
/ 
30,000 
25,000 ¢ 
/ 
/ 
/ 
N 
15,000 o/ 
/ 
10,000 
/ 
/ 
/ / 


Graphite FeB CrB;Fe CrBg-Co-Ni Gray Iron CrB,-Ni 


Fig. 9—Strengths of sintered borides are compared with 
those of graphite and gray iron. 
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Table III. Properties of Cold-Pressed and Sintered Compacts* 
Powder Composition, Compact- Presinter Sinter Calculated; 2 
Wt Pct ing Tensile Density, 
Pressure, Tempera- Time, Tempera- Time, Strength, G per 
Boride Metal Psi ture, °C Min ture, °C Min Psi Cu Cm 
Fe 100 11,000 1200 180 1,700 2.47 
Mn 100 — 11,000 Could not sinter — _ 
Cr 100 — 11,000 Could not sinter — — 
Fe 67.7t Fe 32.3 11,000 1425 15 1500 5 10,800 5.45 
Mn 90§ Fe 10 11,000 1200 15 1620 15 2,600 — 
Cr35e% Fe 15 11,000 1200 15 1600 30 20,000 4.36 
Cr 80 Fe 20 11,000 1200 15 1593 15 and 30 TT ¢: 5.6 
Mn 90§ Co 10 11,000 Could not sinter in 10 min at 1620°C — a 
Cr 95 Ni5 11,000 Could not sinter in 10 min (temperatures to 1590°C) — — 
Cr 95 Co5 11,000 Could not sinter in 45 min at 1650°C — = 
Cr 85 11,000 1593 44,000 5.70 
Cr 85 Co 15 11,000 1200 15 1593 15 14,900 5.86 
Cr 85tt 
Fe 10 11,000 1200 15 1593 15 17,700 5.43 
Cr 808§ Ni5 11,000 1200 15 1593 10 31,400*** 6.13 
Co 15 


* Specimens were 3.0x0.345x0.3 in. thick before sintering. After sintering 5 min at 1500°C, the dimensions varied considerably. Cal- 


culated volume shrinkage was 36 pct. 


+ Tensile strength was calculated from the modulus of rupture in transverse loading. 


+ Specimen intended to contain 16 pet B 

§ Specimen intended to contain 15.3 pct B. 
** Specimen intended to contain 24.6 pct B. 


Strengths varied widely, from 4,600 to 13,100 psi, irrespective of sintering time. 


7 
tt Specimen intended to contain 24 pct B. 
§§ Specimen intended to contain 23 pct B. 


Strength of specimens varied from 27,600 to 39,800 psi and the average strength was 31,400 psi. 


while reheating to 900°C in air decreased their 
strength. Reheating the CrB.-5 pct Ni-10 pct Fe 
compacts in air for 2 hr at temperatures in the 
range from 700° to 1300°C had little effect on their 
tensile strength. Some gain in strength was ob- 
tained by reheating the CrB.-15 pct Co-5 pct Ni bars 
for 2 hr in air at any temperature from 900° to 
1300°C. Six bars, broken after reheating, had 
strengths averaging 34,000 psi. Individual bar 
strength varied after reheating from 30,500 to 38,100 
psi. No change in dimensions or appearance could 
be observed in any of the bars after reheating. 

These oxidation experiments proved that sintered 
bodies made of 80 pct CrB.-20 pct Fe are resistant to 
oxidation up to somewhat above 700°C, and those 
made of 85 pct CrB.-10 pct Fe-5 pet Ni or 80 pct 
CrB.-15 pet Co-5 pct Ni are resistant up to at least 
1300°C. Time was unavailable to determine the 
cause of the very impressive gain in strength of the 
CrB.-FeB compacts after reheating them in air at 
700°C. Possibly the compacts contained some Fe.B 
which was converted to FeB by soaking at 700°C. 
At 900°C, some of the FeB may have been oxidized. 

On sintering, cold-pressed compacts undergo a 
shrinkage slightly greater than one-third of the 
original volume. 

Hot Pressing: Borides, like metal powders, may be 
hot pressed in graphite molds. The final compact 
thus obtained conforms to the mold dimensions. 

Hot-pressing experiments were confined to iron 
boride (FeB) produced by diluting 24 pct ferro- 
boron with iron powder. Cylinders ¥% in. diam and 
2 in. long were pressed in graphite molds that were 
heated in an induction furnace. A pressure of 4000 
psi was applied momentarily by graphite pistons 
acting on each end of the cylinder when the tem- 
perature reached 1400°C. This pressure was re- 
leased immediately and the compact was cooled in 
the mold. The tensile strength of two typical bars 
made in this way were, respectively, 15,000 and 
10,700 psi. The corresponding densities were 5.42 
and 4.97 and the apparent porosities 0.5 and 2.93 pct. 
These properties correspond closely to those ob- 
tained by cold pressing and sintering the same mate- 
rial containing an organic binder. 

Production of Irregular Shapes—Although this re- 
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search was confined to an evaluation of materials 
resistant to molten zinc, several attempts were made 
to produce shapes other than round or rectangular 
bars. Angle sections with one leg thicker than the 
other were hot pressed directly. Some excellent 
specimens were obtained, but it would be difficult to 
obtain long pieces by this method. One quite suc- 
cessful method of making irregular shapes, such as 
small impellers, was to cold press a solid compact of 
sufficient size and then carve or machine the compact 
to the desired form. The shaped part was presin- 
tered and then sintered as usual. 

Small propellers and impellers were hot pressed 
in shaped graphite dies. This method was very suc- 
cessful, although some difficulty was encountered 
when a cored hole was required. When bodies were 
hot pressed around a graphite core, it was necessary 
to remove the graphite core at the same time that 
the pressure on the die was released. Otherwise, the 
part cracked as the material cooled and contracted. 
Figs. 10, 11, and 12 show small parts made by these 
methods. 

During the attempt to produce irregular shapes 
by carving cold-pressed compacts, it was noted that 
better results could be obtained if the compacting 
pressure was increased beyond the 11,000 psi nor- 
mally used. However, machining operations became 
more difficult with denser compacts. 

Resistance to Corrosion by Zinc—The sintered iron 
boride compacts with 16 and 24 pct B were com- 
pletely resistant to corrosion by molten zinc at 
595°C. Similarly, complete resistance to corrosion 
was exhibited by the following pressed and sin- 
tered compacts: 85 pet CrB.-15 pet Fe powder; 85 
pet CrB.-15 pet Co powder; 80 pct CrB.-15 pet Co 
powder and 5 pct Ni powder; and 90 pet MnB-10 pct 
Fe powder. Compacts of CrB,-15 pct Ni powder, 
which were the strongest achieved (see Table III), 
failed rapidly in molten zinc. 

Sintering of MnB compacts was never completely 
successful, since even after long sintering periods the 
centers of the compacts remained soft. At higher 
temperatures the mixture melted. Addition of 10 
pet Fe powder to the MnB did not aid sintering ap- 
preciably, and addition of cobalt made sintering still 
more difficult. 
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Hagg and Kiessling” reported that, in sintered 
mixed borides of the transition metals, the metal 
with the lowest atomic number is always richest in 
boron. Therefore, assuming that equilibrium was 
attained, the mixed borides formed in these experi- 
ments may be assumed to have approximately the 
composition given in Table IV. Among all of these 
compounds, only NiB,* Fe.B, and Mn.B are not re- 


= Time was not available to determine by X-ray diffraction if 
NiB was actually formed. Possibly only NixB was formed during 
sintering. Even if this is true, the nickel compound is more un- 
desirable than similar compounds of the other transition metals 
investigated. 


sistant to molten zinc at 595°C. The NiB appears to 
have a particularly deleterious effect, since compacts 
containing only 17.8 pct NiB disintegrated in molten 
zinc in less than 24 hr. The compacts of MnB plus 
approximately 11 pct each of Mn.B and Fe.B re- 
sisted corrosion. A small amount of nickel (up to 5 
pet) combined with CrB and CoB increased the 
strength of this type of compact without apparent 
damage to its resistance to corrosion. 

Corrosion tests on these materials were made in 
the dynamic tester described previously. Speci- 
mens were moved continuously through molten zinc 
at 595°C for periods up to 400 hr. Within the limits 
of the tests, all specimens except those containing 
15 pet Ni were completely resistant to corrosion. 
Thus, no relative rating of the materials is possible. 

After continued stirring in the zinc bath, the pores 
of the compacts became filled with zinc. This ab- 
sorbed zinc could be sweated and burned from the 
compacts without damaging them. 

Conclusions—The compounds FeB, MnB, and CrB, 
resist corrosion by molten zinc at 595°C. Although it 
has not been tested alone, CrB probably also resists 
corrosion by zinc. In any case, the presence of some 
16 pct CrB, or more than double that amount of mixed 
CrB and CoB, in a base of CrB, did not lower the 
resistance of the base material to corrosion at the 
test temperature. MnB, which completely resisted 
corrosion by molten zinc, could not be fabricated 
satisfactorily from the material available (MnB 
without excess boron) as a starting material. 

NiB increases the strength of CrB, compacts, but 


Table IV. Compositions of Mixed Borides Formed in Tests 


Original 


Mixture Composition Obtained 


CrBz + 15 pet Fe 
CrBe + 15 pet Ni 
CrBz + 15 pet Co 
CrBz + 15 pet Co 
+ 5 pet Ni 
MnB + 10 pet Fe 


65.2 pct CrBz + 16.9 pct CrB + 17.9 pct FeB 
66.2 pct CrBz + 16.0 pct CrB + 17.8 pct NiB 
66.25 pct CrBz + 16.0 pct CrB + 17.75 pct CoB 
55.0 pct CrBz + 21.3 pct CrB + 5.9 pct NiB 

+ 17.75 pet CoB 
78.2 pct MnB + 10.8 pct Mn2B + 11.0 pct FeoB 


NiB is not resistant to corrosion by zinc. Admixture 
of 15 pet Ni with CrB, destroys the corrosion re- 
sistance of the mixture. 

Recrystallization and growth of new borides by 
diffusion of boron from high boron compounds into 
most of the transition metals aid in deformation of 
strong bodies during sintering of powdered materials. 

Cr-Fe-B compacts, formed by sintering eight 
parts of CrB, with two parts of iron powder for 15 
min at 1593°C in hydrogen, then reheated in air for 
2 hr at 700°C, developed tensile strengths of approx- 
imately 30,000 psi. Similar strengths and greater 
resistance to oxidation can be obtained by sintering 
CrB, with 15 pet Co and 5 pct Ni. 

Fabrication of small articles indicates that useful 
products, such as pump parts, die casting machine 
parts,+ and others, which are subject to severe cor- 


+ Die casting parts are in contact with 96 pct Zn-4 pct Al al- 
loys. At normal temperatures (400°C), this alloy is less corrosive 
to iron than is zinc. Even under these conditions, die casters re- 
port difficulty with corrosion of pistons and the rings through 
which they operate. The authors believe that sintered boride 
rings and pistons, operating in 96 pct Zn-4 pct Al alloy at 400°C, 
would resist corrosion indefinitely. 


rosion by molten zinc, may be made of sintered 
powdered borides. 

Some indication was obtained that MnB may be 
useful as a high temperature insulator. 

Applications for patent rights covering the novel 
features discovered in the work on sintered borides 
has been made by the St. Joseph Lead Co. 

Further development of sintered borides as use- 
ful materials to resist corrosion by liquid metals is 
warranted. 
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in 10—Screw propeller was formed by 
Shaping a green compact of powdered CrB» 
(85 pct) and iron powder (15 pct) and sinter- 


ing after shaping. One blade was ground 
after sintering. The small crack between 
blades was caused by poor design. X2. Area 
reduced approx. 30 pct for reproduction. 
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Fig. 11—Impeller was formed by shaping a 
green compact of powdered CrB» (85 pct) 
and iron powder (15 pct) and sintering after 
shaping. The simple design is appropriate 
for the material used. X2. Area reduced 
approx. 30 pct for reproduction. 


Fig. 12—Impeller was formed by hot pressing 
powdered ferroboron (85 pct) and iron pow- 
der (15 pct) to make FeB (16 pct B). X2. 
Area reduced approx. 30 pct for reproduction, 
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Technical Note 


Crystal Structure of TiRu and TiOs 


by Charles B. Jordan 


| and Wallbaum* have described TiRu and 
TiOs as having the same structure as TiFe; they 
had previously described the latter compound as 
having the CsCl structure. On the other hand, a 
careful investigation of the structure of TiFe by 
Duwez and Taylor* failed to reveal the ordered CsCl 
structure, finding instead a random arrangement of 
titanium and iron atoms on the points of a body- 
centered-cubic space lattice. Consequently, it is not 
clear whether Laves and Wallbaum proposed the 
ordered or the disordered structure for TiRu and 
TiOs. In order to settle this question as to the struc- 
tural type and to obtain values of the lattice para- 
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meters (thereby completely determining the struc- 
tures), the present investigation was undertaken. 
Samples having the compositions TiRu and TiOs 
were weighed out accurately from iodide titanium 
supplied by the New Jersey Zine Co., ruthenium 
powder from Goldsmith Brothers Smelting & Refin- 
ing Co., and osmium powder from Wildberg Brothers 
Smelting & Refining Co. No analysis was made of 
any of these metals. According to the respective 
analyses of the suppliers, total impurities amount to 
less than 0.03 pct in the titanium and to less than 
0.5 pet in the osmium. The purity of the ruthenium 
is not known. The alloys were prepared by arc melt- 
ing in a furnace of the type described by Schramm, 
Gordon, and Kaufmann.* Specimens for X-ray dif- 
fraction were obtained by crushing the ingots and 
passing the resulting powders through a 200 mesh 
screen. Diffraction patterns were made with a powder 
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Fig. 1—Curves give comparison of observed (lower curve) and 
calculated (upper curve) intensities for TiOs. 


camera 14.32 cm diam, the screened powders being 
irradiated with copper radiation filtered through 
nickel foil. Patterns were taken both before and 
after annealing the powders according to the pro- 
cedures given in Table I. In addition, patterns of 
TiOs were made on a General Electric spectrogonio- 
meter, with the Geiger counter scanning the com- 
plete pattern (made with filtered CuK radiation) 
at a speed of 0.2° per min. 

All the diffraction patterns clearly showed both 
TiRu and TiOs to have structures based on a simple 
cubic space lattice and to have a unit cell edge of 
3.06A for TiRu and 3.07A for TiOs. No attempt was 
made to obtain more accurate values of the lattice 
parameters. The lines of all the powder patterns of 
both substances clearly exhibited a definite alter- 
nation of intensity, that is, weak lines alternated 
with stronger lines in each pattern. Moreover, the 
weak set of lines in every instance corresponded to 
those reflections which would have been absent if 
the lattice had been body-centered-cubic. 

Relative intensities were calculated for both TiRu 
and TiOs by taking into account the Lorentz, polar- 
ization, multiplicity, and structure factors and as- 
suming the structures to be the B2 (CsCl) type (i.e., 
one titanium at 0,0,0 and one ruthenium or osmium 
at %,%,%). The intensities thus calculated were 
not found to be in good agreement with those esti- 
mated visually from the photographically recorded 
patterns. Since this lack of agreement might be 
attributed to the effect of absorption, two methods 
for improving the agreement were tried. First, pat- 
terns of TiOs were made employing a General Elec- 
tric spectrogoniometer, which is designed to use 
Bragg-type (rather than Laue-type) reflection and 
to reduce absorption effects to a minimum. Second, 
an absorption correction was calculated using the 
method of Bradley‘ for both TiRu and TiOs. Intens- 
ities were measured on the spectrogoniometer charts 
in two ways: 1—by measuring peak heights and 2— 
by measuring the area under each peak with a plani- 
meter (both components of the Ka doublet being 
included. for the higher angle reflections). No im- 
provement in the agreement between calculated and 


Table |. Preparation of Powders for X-Ray Diffraction 


Recording Method Condition of Powder 


Substance 
TiRu Film Not annealed 
TiRu Film Annealed a6 be at 1000°F 
TiOs Film Not anneale 
TiOs Film Annealed 24 hr at 1000°F 
TiOs Spectrogoniometer Not annealed fs 
TiOs Spectrogoniometer Annealed 24 hr at 1400°F 


and 120 hr at 1000°F 
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measured intensities resulted from either the Bradley 
correction or the use of integrated intensities from 
the spectrogoniometer charts. Intensities as measured 
by peak heights on the spectrogoniometer charts 
were found to give best agreement with the calcu- 
lated values. These calculated values did not in- 
clude an absorption correction in order to obtain an 
appropriate comparison with values measured by 
the spectrogoniometer. When the peak height meas- 
urement was used, only one reflection, namely, (321), 
was found to be in significant disagreement with the 
calculated intensities. This disagreement is prob- 
ably due to the separation of the Ka doublet for the 
(321) reflection; this separation would lower the 
intensity as measured by peak height. Fig. 1 pre- 
sents a comparison of the relative intensities for 
TiOs as calculated and as determined from peak 
heights on the spectrogoniometer chart. 

The nature of the powder patterns obtained for 
both TiRu and TiOs provides strong evidence that 
these substances crystallize in the B2 (CsCl) type 
of structure, despite the difficulty encountered in 
satisfactorily matching observed and calculated in- 
tensities. For a crystal of B2 type, the structure 
factors for all reflections (hkl) are given by 


F (hkl) = fa + fo 
when h + k + lis even, and 


when h + k + I is odd, where f, and f; are the 
atomic scattering factors for the two kinds of atoms 
in the structure. Since the sum h + k + 1 is alter- 
nately even and odd for the reflections from a cubic 
crystal, it follows that the B2 structure gives rise to 
the same kind of pattern of alternating intensities 
as observed from both TiRu and TiOs. Moreover, 
the intensities of the weaker lines (i.e., those for 
which h + k + 1 is odd) are greater as the differ- 
ence f, — fz is greater. Thus, if TiRu and TiOs have 
the B2 structure, the weaker set of lines in TiOs 
should be more intense than those in TiRu, in agree- 
ment with the observed fact. 

The formation of TiRu and TiOs is accompanied 
by a decrease in the sizes of the atoms involved. The 
lattice parameters of the two compounds, as calcu- 
lated from the Goldschmidt atomic diameters’ cor- 
rected for the change in coordination number from 
12 to 8, are 3.14A for TiRu and 3.16A for TiOs, as 
compared with the respective measured values of 
3.06A and 3.07A. Thus, a shrinkage of about 2.5 pct 
is indicated. 
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Experimental Planning for Rapid Determination 


Of Optimum Process Conditions 


by W. A. Griffith 


Fractional replication of factorial design, a general method for planning experi- 
mentation and for analysis of data obtained, is described as applied to a flotation 
investigation. This method leads to determination of optimum process conditions 


with minimum experimental effort. 
are demonstrated. 


METHOD for planning experimentation and for 
analyzing the data secured will be demon- 
strated. This method, termed fractional replication 
of factorial design, employs a relatively small num- 
ber of individual experiments to determine which of 
a large number of process variables are controlling, 
to determine which combination of levels of these 
variables is most likely to produce optimum results, 
- and also to predict what results will be obtained 
with a particular combination of conditions not 
already tested. Although the general method is 
not new, having been developed by Finney in 1945,* 
the extent to which it can improve the effectiveness 
of applied research generally has not been recog- 
nized by metallurgists. The fractional replication 
procedure is particularly useful in flotation experi- 
mentation and an example from such an investiga- 
tion will be used in the paper. However, it has 
equal value in any investigation in which similar 
experimental difficulties are encountered. 

In developing a flotation process for a particular 
mineral separation, the investigator is inevitably 
confronted with the following difficulties: 

1—There are a large number of potentially im- 
portant process variables. 

2—Results of individual experiments are not 
highly reproducible, due in part to the difficulty in 
precisely controlling all the variables. 

3—Considerable effort is expended in conducting 
individual experiments. 

4—There are practical limits on the number of in- 
dividual experiments which can be made. 

In situations of just such a type, modern statistical 
methods of planning experimentation and analyzing 
data have their greatest value. Applications of one 
such technique, called factorial design, to problems 
of this type have been described by Dorenfeld and 
others.** The simple factorial design is an efficient 
procedure when the investigator hopes to provide a 
comprehensive understanding of the effects and in- 
terrelationships of a small number of variables over 
a limited range. In applied research, this is seldom 
the main objective. Rather, the investigator usually 
wishes to determine which of the many potentially 
important variables are in fact controlling, which 
levels of the controlling variables will provide opti- 
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Its advantages over simple factorial design 


mum metallurgical results, and what these results 
will be at optimum conditions. Interest in detailed 
trends is limited to the controlling variables and to 
levels in the region of optimum conditions. Simple 
factorial design has serious deficiencies for such ob- 
jectives and is not the most efficient method of ex- 
perimental design. 


Deficiencies of Factorial Design 

In a simple factorial design, an experiment must 
be made at every possible combination of each level 
of every variable, once these have been chosen and 
the levels of each to be included have been decided 
upon. As the number of variables or levels of each 
increases, the experimental program quickly reaches 
prohibitive size. For example, an investigation of 
only four variables, each at four levels, requires 256 
individual experiments. Often upon completion of 
such an extensive program, it is found that one or 
more of the variables has metallurgically unimpor- 
tant effects or that a poor estimate has been made as 
to the appropriate range of levels to be investigated. 
The result is that only a small proportion of the data 
obtained falls in the range of real metallurgical in- 
terest. Indeed, it frequently can be anticipated that 
certain combinations of levels of variables will not 
produce results of interest, but they still must be in- 
cluded so that the essential balance, or orthogonality, 
of the design will be retained. It may be true that 
factorial design will provide the greatest amount of 
information from a given number of experiments, 
but it does not necessarily follow that it will lead to 
the desired information with a minimum number of 
experiments. Much of the information provided may 
be of little value. 


Advantages of Fractional Replication 

The disadvantages of simple factorial design are 
overcome to a great extent by a modification known 
as fractional replication. This is a technique for 
sampling systematically the potential data of a full 
factorial experiment, that is, the data which would 
have been obtained if the complete factorially de- 
signed program had been completed. Only a frac- 
tion of the total array of experiments is made, but 
the experiments are chosen in such a way that the 
important advantages of factorial design and the 
accompanying analysis of variance are retained. The 
data obtained from the first group of experiments are 
used to determine which of several variables are 
controlling and which levels of these variables are 
most likely to produce the desired, result. Unimpor- 
tant variables and levels of variables then may be 
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Table |. Variables and Levels Investigated 


Sym- Sym- 
Variable bol Level bol 
1—Sequence of addition Frother, amine, 
of reagents Oo starch O1 
Starch, amine, 
frother O2 
2-pH 8 Ps 
9 Po» 
3—Amount of starch S 0.5 lb per ton So.5 
1.0 lb per ton S1.0 
1.5 lb per ton Si.s 
2.0 lb per ton S2.0 
4—Amount of amine A 0.08 lb per ton Ao.0s 
te 0.16 lb per ton Ao.16 
5—Conditioning time 7 1 min Ti 
3 min Ts 


dropped at an early stage in the program and subse- 
quent experiments concentrated in the range of 
greatest interest. 


Fractional Replication Illustrated 

The advantages of fractional replication can be 
demonstrated by an example from a flotation inves- 
tigation. Details of statistical theory and calculations 
have been omitted, since they are adequately pre- 
sented elsewhere.’ The general object of the inves- 
tigation was to produce a very high purity iron con- 
centrate by the flotation process. Immediate objec- 
tives were to determine: 1—which of five potentially 
important variables were controlling in the process, 
2—which levels of these controlling variables would 
produce the purest concentrate, and 3—to provide 
enough information on the effects of variations in 
the levels of the controlling variables, in the vicinity 
of optimum conditions, to guide subsequent pilot op- 
erations. Concentrate purity was measured by silica 
analysis—percentage of SiO.. 

Based on the results of previous tests on similar 
ores and in order to settle questions raised during 
that experimentation, it was considered desirable to 
investigate the five variables listed in Table I, each 
variable at the levels indicated. For convenience, 
each variable and each level of each variable is de- 
noted by an appropriate symbol. A full factorial 
design with these five variables, at the indicated 
levels, would require 64 individual flotation experi- 
ments. Such a program is illustrated in Table II 
where each item or blank represents a single experi- 
ment under the conditions indicated by the row and 
column headings. 

Instead of 64 experiments, an initial block of only 
16 tests was made, constituting a one-quarter repli- 
cate of the full factorial design. The 16 experiments 
appear in Table II as data figures, while the blanks 
are the rest of the 64 that were not conducted. The 
tests were run in random order using a standardized 
flotation test procedure, attempting as usual to keep 
all other conditions uniform. Tests in the initial 
block were chosen in a systematic manner in order 
to sample the potential data of the full array. Gen- 


eral procedure for choosing the experiments has 
been summarized by Brownlee’ and an arrangement 
similar to this one has been described by Brownlee, 
Kelly, and Loraine.’ 

It will suffice to point out the most important 
characteristic of the chosen block—its balance or 
orthogonality. When only these tests are considered, 
inspection of Table II shows that there are an equal 
number at each level of each variable. Thus, there 
are eight tests at P; and eight at P,, eight at Aoos and 
eight at A,.., four at each level of S, etc. Further- 
more, when the tests are grouped according to the 
levels of any chosen variable, each such group will 
contain an equal number of tests at each level of 
each other variable. For example, if all the tests at 
P, are placed in one group and all the tests at P, are 
placed in another, each group will contain four tests 
at O, and four at O., four tests at A... and four at 
A,.1s, four tests at T, and four at T;, and two tests at 
Sos) Sis, and respectively. There are other 
blocks which could have been chosen which would 
retain this essential characteristic. The choice among 
blocks is dependent upon criteria to be considered 
later. 

The data obtained from this initial block of 16 
experiments reveal the relative importance of the 
five variables. This is not readily apparent by in- 
spection of the data, since only in the case of a single 
variable O is it possible to employ the usual pro- 
cedure of comparing tests that differ only in the 
level of that variable. But because of the balance of 
the design, it is possible to use analysis of variance 
technique to provide quantitative measures of the 
importance of the main effects of the variables and 
interactions among the variables and to provide the 
estimate of experimental precision necessary to 
judge the significance of these effects. 

Analysis of variance is made in the manner 
usually employed for factorially designed programs; 
however, 16 experiments allow only 15 degrees of 
freedom, which must be distributed appropriately 
among the several main effects and interactions. The 
sums of squares for main effects may be calculated 
directly from the data using the calculation formula 

2 2 2 2 
n N 


where T,, T.., etc. are the respective sums of the 
data for each level of the variable, T.. is the grand 
total, n is the number of tests at each level of the 
variable, and N is the total number of tests. Sums 
of squares for the two-factor interactions may be 
calculated in the same way from sums of appropri- 
ate groupings of the data. From the data obtained, 
the final analysis of variance table, shown in Table 
III, was developed. 

With only 15 degrees of freedom available, the 
analysis of variance table differs from that which 
the full experimental program of Table II would 


Table II. Full Factorial Design with Data from 


Experiments of Block 1, Pct SiO. in Concentrate 


Oz 
Ps Ps Po 
So.5 S1.0 Si.5 Se.0 So.5 S1.0 S15 S2.0 So.5 S1.0 S2.0 So.5 S1.0 Si.5 S2.0 
T. 0.54 0.44 0.54 0.44 
ee Ts 0.54 0.52 0.52 0.52 
Ao.16 Ti 0.45 0.33 0.43 0.32 
0.38 0.31 0.37 
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Table III. Analysis of Variance Block 1* 


Signifi- 
cance, 
Degrees Sums of Mean 95 Pet 

Source of Freedom Squares; Squares Confidence 
Oo 1 3.06 3.06 Yes 
P (SxT, SxA) 1 68.06 68.06 Yes 
S (PxT, PxA, AxT) 3 235.69 78.56 Yes 
A (PxS, SxT) 1 826.55 826.55 Yes 
T (PxS, SxA) 1 0.0 0.06 — 
OxP 1 0.57 0.57 — 
OxS 3 0.69 0.23 — 
OxA 1 0.57 0.57 = 
OxT 1 0.0 0.07 — 
PxS (SxT, SxA) 1 18.06 18.06 Yes 
Residual 1 0.56 0.56 = 
Total 15 1153.94 


* Standard deviation from pooled nonsignificant interactions is 
0.006 pct SiOz. 
7 All data coded (x100) for ease of calculation. 


have provided.* Some of the main effects and inter- 


* The full factorial would have provided 63 degrees of freedom 
distributed among five main effects: 10 two-factor interactions, 10 
three-factor interactions, 4 four-factor interactions, and 1 five-fac- 
tor interaction. 
actions have been confounded. Confounding is 
simply the statistical term for the situation which 
exists when tests or groups of tests being compared 
differ in the level of more than one of the process 
variables. It is not then possible to attribute any 
difference to a single variable, and the effects of the 
several variables are said to be confounded. Inter- 
actions may be confounded as well as main effects. 
In partial replication, the effects of several variables 
are intentionally confounded. In this case, however, 
the tests in the initial block were chosen in a partic- 
ular manner so that the extent of confounding was 
controlled. No main effects were confounded with 
other main effects. Some of the main effects were 
partially confounded with two-factor interactions, 
and some of the two-factor interactions were par- 
tially confounded with other two-factor inter- 
actions, as indicated by the bracketed symbols in coi. 
1 of Table III. Interactions between three or more 
factors were assumed to be nonexistent, an assump- 
tion which is seldom proven erroneous in experi- 
mental work. That part of the variability in the 
data attributable to neither main effects nor two- 
factor interactions was lumped into the term resi- 
dual which constitutes the preliminary estimate of 
experimental precision. 

The exact manner in which the sources of varia- 
bility (main effects and interactions) are confounded 
is determined by the original choice of experiments 
in the block to be made. As mentioned previously, 
other orthogonal blocks of 16 could have been 
chosen, but the arrangement of confounding then 
would have been different. In order that the con- 
founding be most economical, available knowledge 
of the process should be utilized in choosing the 
block of experiments to be made. For example, if it 
is known that an interaction between two particular 
variables is not likely to exist, it may be possible to 
arrange to confound that interaction with a main 
effect which is likely to be large. The mean square 
term obtained for that confounded group then may 
be reasonably attributed to the main effect and not 
to the interaction. 

The fact that sources of variability are con- 
founded does not prevent drawing statistically valid 
conclusions. Tests for significance can be made in 
the usual fashion. The two-factor interaction mean 
squares were tested in turn against the residual. In 
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order to provide a better estimate of precision, the 
nonsignificant interaction mean squares were pooled, 
and the main effects were tested against this com- 
posite. Conclusions statistically correct at the indi- 
cated confidence level must be of the form “varia- 
tions in P have a significant effect and/or an SxT 
and/or an SxA interaction exists.” 

As a practical matter, the analysis of variance pro- 
vides much more than these statistically valid con- 
clusions, although at a somewhat lower and not 


precisely calculable confidence level. It is evident 


from the relative magnitudes of the mean square 
terms that the amounts of amine A, starch S, and the 
pH P are probably the controlling variables in this 
process, decreasing in importance in the order given. 
Effect of differences in the sequence of addition of 
reagents O, while statistically significant, is ob- 
viously of minor metallurgical importance. Since 
the main effect of conditioning time T is not shown 
to be significant, it is highly unlikely that inter- 
actions involving T are real. Although there is in- 
dependent evidence for some interactions (most 
probably PxS or SxA), their effect on results is 
likely to be minor in comparison with main effects. 

The data of these 16 experiments also indicate 
which combination of levels of these controlling 
variables is most likely to produce a concentrate of 
minimum silica content. This information is ex- 
tracted simply by averaging the data for each level 
of each variable, giving the data in Table IV. The 
averages show that the conditions most likely to pro- 
duce the lowest silica content are pH 9, 0.05 lb per 
ton starch, 0.16 lb per ton amine, and reagent addi- 
tions of starch, amine, and frother in that order. 
This procedure of averaging test results, no two of 
which were obtained under identical conditions, can- 
not be employed indiscriminately. Here it is valid 
only because of the essential balance, described pre- 
viously, which is built into the experimental design. 
The procedure must be modified if the analysis of 
variance reveals important interactions. 

As shown in Table II, the optimum combination of 
conditions had not been tested experimentally. The 
silica content at this condition may be estimated 
from the data, however, with a specified degree of 
precision. In this instance, it is assumed that inter- 
actions will not significantly affect the expected 
value. The estimate is calculated by adding a factor 
for each variable algebraically to the grand aver- 
age. This factor for any variable is simply the aver- 
age for the chosen level of that variable minus the 
grand average. The expected value for the condi- 
tions indicated previously is 


Expected Value = 0.436 + (0.415 — 0.436) + 
(0.378 — 0.436) + (0.364 — 0.436) = 0.280 pct SiO.. 


The reliability of this estimate is dependent upon 


Table IV. Average Results for Each Condition 


Average 
Variable Level Pci SiOz 
Ps 0.456 
Po 0.415 
Ss So.5 0.378 
S1.0 0.428 
Si.5 0.458 
0.480 
A Ao.0s 0.508 
Ao.16 0.364 
0) 1 0.440 
Oz 0.431 
Grand average 0.436 
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Table V. Data of Block 2, Pct SiO. in Concentrate 


Ao.os Ti 0.48 0.54 0.44 0.52 
Ts 0.52 0.54 0.48 0.52 
Ao.16 AB 0.33 0.43 0.32 0.38 
T3 0.31 0.40 0.27 0.37 


the precision of the data from which it was cal- 
culated (and the validity of assumption made) and 
can be specified by calculating confidence limits for 
it in the usual way. These are 


+S (b.95.74.7.) +0.006 (2.37) 


VM 


+0.028 pct SiO.. 


The term \/% derives from the fact that this is a 
one-quarter replicate, s is the estimated standard 
deviation, and t is the appropriate value from a table 
of student’s t.° There are 19 chances out of 20 that 
the mean experimental value at that combination of 
conditions will fall within the range of 0.280+0.0280 
pet SiO,. In six subsequent experiments at the indi- 
cated optimum conditions, the following silica con- 
tents were obtained: 0.27, 0.30, 0.29, 0.28, 0.28, and 
0.28, averaging 0.283 pct SiO... Expected values for 
any other experimental condition may be calculated 
in similar fashion. 

At this point, it is evident that the initial block of 
16 experiments provided a wealth of information to 
guide subsequent experimentation. In order to fur- 
ther confirm that this was the optimum set of con- 
ditions, the right-hand half of the full factorial array 
of Table II (that part at O.) was expanded to a one- 
half replicate by performing eight more experi- 
ments. These provided the data of Table V and the 
analysis of variance, Table VI. These data con- 
firmed the previous conclusions in every particular. 
The extent of confounding was reduced by this ex- 
pansion and three additional interactions were defi- 
nitely eliminated as possibilities. Statistically sig- 
nificant evidence of an interaction (probably SxA) 
was obtained again, but it is evident from the rela- 
tive magnitudes of the mean square terms that its 
effects are of minor metallurgical importance. 

One new source of variability, block difference, 
was introduced. This variability is that attributable 
to any consistent difference between the results of 
the second block of experiments and those of the 


Table VI. Analysis of Variance of Block 2* 


Signifi- 
cance, 
Degrees Sums of Mean 95 Pet 

Source .' of Freedom Squares{ Squares . Confidence 
P 1 39.06 39.06 Yes 
S (AxT) 3 219.19 73.06 Yes 
A (SxT) ih 945.55 945.55 Yes 
T (SxA) 1 0.56 0.56 — 
PxS 3 1.69 0.56 —_— 
PxA 1 0.07 0.07 -- 
PxT ant 0.07 0.07 — 
SxA (SxT) 2 15.63 7.82 Yes 
Block difference 1 1.56 1.56 a 
Residual 1 3.06 3.06 — 
Total 15 1226.44 


* Standard deviation from pooled nonsignificant interactions and 
block difference is 0.009 pct SiO». : f 
+ Data coded (x100) for ease of calculation. 
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eight experiments from the first block. This vari- 
ability arises from some unrecognized difference in 
conditions, such as a difference in reagent strength, 
temperature, etc. In this case, the block difference 
was not shown to be significant. 

If a graph of the effects of the variables is de- 
sired, missing values may be estimated in the man- 
ner shown previously. They will be known with 
somewhat greater precision because of the addi- 


tional data available (\/% in the confidence limit 


calculation will now be\/4). 

Any other part of the original full array of ex- 
periments could have been expanded, either to a 
one-half or full replicate of the factorial design. It is 
obvious, however, that no additional information of 
metallurgical importance would be obtained. 


Summary 

In the example given, 24 experiments provided all 
of the metallurgically important information which 
would have required 64 experiments with simple 
factorial design. The first 16 experiments revealed 
that two of the five variables, amounts of starch and 
amine, were of controlling importance. They also 
demonstrated which set of conditions would produce 
optimum results and allowed reliable prediction of 
those results. Thus, subsequent experimentation 
could be concentrated in the vicinity of optimum 
conditions and prior commitment to an extensive 
experimental program could be avoided. The im- 
portant advantages of factorial design and analysis 
of variance were retained. The effect of each vari- 
able was tested at each level of every other variable. 
Quantitative measures of the variability attributable 
to main effects, as well as those interactions most 
likely to exist, were provided. An estimate of ex- 
perimental precision was available to test the sig- 
nificance of those effects and to judge the reliability 
of conclusions. Enough data were made available so 
the trends of the effects of the several variables 
could be judged. In the type of problem most fre- 
quently encountered in applied research and devel- 
opment, this modification of the factorial design pro- 
cedure greatly improves its efficiency and provides 
the desired information with minimum experimental 
effort. 


Appendix 

For the benefit of those technically interested, the 
experimental design described herein is based on a 
2° factorial. The factor at four levels is regarded as 
two pseudo-factors S’ and S”, each at two levels. 
The alias subgroup is I = OPS’S” AT. The three in- 
teractions confounded to generate the four blocks 
are PS’T, PS” A, and S’S” AT. Each source then has 
three aliases as follows: 


O OPS T ON 
= = S’A = PS’S”AT 
S’ = PT =PSS’A = S"AT 

S'S” = PS’A = AT 
A APS = 
= PS’ =—=PS°AT = 
OP = OS'T = OS’A = 
OS’ = OPT = OPS'’S"A = OS” AT 
OS” =OPS'S' = OS’AT 
OS'S”, <= OPS’T =OPSA OAT 
OA = OPS’AT = OPS” = OS'S’T 
OT = OPS: = OPS” AT = OS'S’A 
= S°T = S’A = PAT 
= OS’A = OPAT 
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Diffusion in Liquid Lead-Bismuth Alloys 


by R. E. Grace and G. Derge 


Diffusivity of bismuth in liquid Pb-Bi alloys has been measured by the capillary 
reservoir method as a function of temperature and composition. Fair agreement be- 
tween theory and experiment is found for the measured diffusion coefficients and 
activation energies of diffusivity and viscosity in dilute lead alloys. The measured 
diffusion coefficients in the high bismuth alloys describe mass transport in special 


concentration gradients. 


HE study of diffusion in liquid metals has been 

restricted largely to the amalgams over small 
ranges of temperature and composition. In contrast 
to this, diffusion and transport of ions and molecules 
in aqueous and organic solvents have been studied 
extensively for the past 50 years. The general diffi- 
culty of measuring diffusion coefficients in both gases 
and liquids at high temperatures has been that of 
eliminating convection currents. Measuring tech- 
niques based on freezing and sectioning after the 
diffusion period’ are not particularly satisfactory be- 
cause of the volume changes and segregation which 
occur during freezing. 

The most promising technique which is currently 
being developed for liquid metals is the capillary 
reservoir method. This eliminates convection cur- 
rents from the diffusion zone and requires measure- 
ments only of the length and initial and final com- 
positions of the alloy within the capillary. Anderson 
and Saddington® have measured the diffusion co- 
efficient of tungstate anions in aqueous Na,WO,; 
Wang** and Hoffman’ have studied structure and 
self-diffusion in water and self-diffusion in mercury, 
respectively, by similar techniques. 

Selection of the Pb-Bi system for initial study was 
made for several reasons: 1—It afforded a low tem- 
perature system for development of techniques 
which would be suitable for high temperature meas- 
urements in liquid iron. This research on diffusion in 
_ liquid iron is now in progress as a part of a general 
program on the rates and mechanisms of slag-metal 
reactions. 2—Activity data on liquid Pb-Bi alloys of 
all compositions are available from the emf meas- 
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urements of Strickler and Seltz.*’ 3—Some data are 
available on the diffusion of bismuth into solid lead. 
The measurements on solid alloys were made by von 
Hevesy and Seith’ for the concentration range of 0 
to 2 pct Bi. 

An appropriate solution to Fick’s law (unsteady 
state) for the capillary reservoir has been found by 
considering the mass flow which passes through a 
unit area of surface on a slab of infinite thickness as 
a function of time. This is the first application of this 
solution to diffusion measurements, although a simi- 
lar solution is available for identical boundary con- 
ditions.” By analogy with heat conduction, the prob- 
lem reduces to a perfectly insulated infinite slab at 
temperature C,, one surface of which is quenched to 
C, for all times, t. Heat is permitted to flow from 
quenched surface of the slab to an infinite supply of 
coolant at C,° (see Appendix). 

For the corresponding solution for diffusion in 
liquids, these terms become 


Co— 2 Dt 
C,—C, l 


where C, is the initial concentration of component 
A* in entire capillary at t = 0, C, is the final con- 


[1] 


T 


* In this case, component A is bismuth, and Cs; = 0. 


centration of component A in entire capillary at t = 
t, C, is the concentration of component A in bath 
for all t, l is the length of the capillary in centi- 
meters, t is the time of diffusion period in seconds, 
and D is the diffusion coefficient in square centi- 
meters per second. 

By comparison with solutions to Fick’s law used 
in the solid state, this solution for liquids is similar 
to the Grube solution for solids, where the change 
in D with chemical composition is not taken into 
consideration. Difficulty is to be expected if large 
concentration gradients are employed and if the 
concentration gradients extend over an appreciable 
length of the capillary. 
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Table |. Data for All Diffusion Runs with Unstirred Bath* 


Pb 
Dgixl&, 
Run Sq Cm 
No. Time, Min 1, Cm Ca, Pet Bi °c per Sec 
275a 1110 5.08 1.15 345 3.2 
275b 1110 4.93 1.09 345 3.7 
276a 750 3.66 0.99 345 4.1 
277a 27 3.20 1.70 345 —_— 
278a 875 4.70 1.10 431 4.1 
278b 875 3.63 0.90 431 4.4 
279a 1200 4.68 0.89 431 5.4 
279b 1200 4.83 1.01 431 4.2 
280a 3.58 Ry 431 
280b 27 3.63 1.68 431 — 
282b 990 3.28 0.60 518 6.0 
283a 785 4.17 0.91 518 6.2 
284a 360 5.72 1.30 518 6.6 
284b 360 7.45 1.43 518 5.1 


7 *Co = 1.70 pet Bi and Cs = 0.00 pct Bi. Capillary of 1.20 mm 
ore. 
7 Blank runs. 


The test of whether the capillary is truly infinite 
is made by running check experiments with differ- 
ent diffusion times or capillary lengths. If the diffu- 
sion coefficients agree in these cases, the boundary 
conditions probably have been fulfilled. 

Viscosity and diffusivity are closely related rate 
processes and their temperature dependence is very 
similar.” The Einstein-Stokes and the Eyring equa- 
tions on relating these terms have identical temper- 
ature coefficients, but the diffusivities differ by a 
factor of about 37 in magnitude. The Einstein-Stokes 
relation 

kT 
[2] 

is based on the medium being continuous. The Eyr- 
ing equation takes the discontinuity in “jump-dis- 
tances,” A. = A, = A. = 2r, into account, where x,y, 
and z refer to the coordinates of the system and r is 


TO VACUUM VACUUM SEAL 


TO ATMOSPHERE 


IRON SAMPLE $ 


HOLDER CHROMEL— 


Fig. 1—Diagram 
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the capillaries. 
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the atomic radius for the case of simple monatomic 
liquids. The Eyring equation is 


D = [3] 


In both Eqs. 2 and 3, the exponential dependence of 
n, the coefficient of viscosity, on T governs the rela- 
tion between D and T. 


Experimental Technique 

These measurements were made with alloys of 
high purity lead and bismuth (99.99 pct) melted in 
Pyrex flasks under vacuum. Initial concentrations of 
1.7, 52.7, and 100 pct Bi were diffused from the 
capillaries into a 16 kg bath of liquid lead. The 1.7 
pct Bi alloys were run first; and after the final 100 
pet Bi runs were made, the composition of the lead 
bath was greater than 99.8 pct Pb, with bismuth be- 
ing the majer impurity. The only other sources of 
impurity additions were stirring rods and sample 
holders. In all cases these were made of Pyrex or 
low carbon iron. The solubility of iron in lead and in 
bismuth is less than 10~ pct.® 

Pyrex capillaries of 0.79 and 1.20 mm bore and 3 
to 9 cm in length were sealed at one end. A clean 
fractured surface normal to the cylinder axis in- 
sured a uniform cross-section at the capillary throat. 
The constancy of the bore sizes was checked by 
measurement at 20X. These capillaries were filled 
by immersing them in a given alloy under vacuum 
and then opening the system slowly to the atmos- 
phere in order to force the liquid alloy into the 
capillary. The filled capillaries were allowed to cool 
in air and were stored in a desiccator until used. The 
filling apparatus is shown in Fig. 1. 

The diffusion runs were made by submerging the 
capillaries in a constant temperature lead bath, con- 
trolled to +2°C in a totally enclosed resistance fur- 
nace. This set-up is shown schematically in Fig. 2. A 
temperature variation of 6°C was found in the 4 in. 
bath depth by exploration with a chromel-alumel 
thermocouple. The bath was hotter at the bottom. 
The resulting convection was the only stirring pro- 
vided in most of these experiments, and they are 
classified as “unstirred.’’ Generally, two capillaries 
were run at the same time, but frequently one would 
break due to thermal shock. Missing run numbers in 
the tables (I to III) are for those capillaries which 
broke, or in which a gas bubble formed, or where 
the diffusion time was too long for the boundary 
conditions to apply. Only single samples were dif- 


Fig. 3—Data for the 
diffusivity of bismuth 
into liquid lead is il- 
lustrated. Line A is 
the Eyring calcula- 
tion of diffusivity of 
bismuth into lead at 
infinite dilution. 
Lines B are the meas- 
ured diffusivity of 
bismuth into lead 
when Co = 1.7 pet 
Bi and C, = 0.00 
pet Bi. Capillary of 
1.20 mm bore and 
unstirred bath. Line 
C is the Einstein- 
Stokes calculation of 12 135145515 
diffusivity of bismuth \07°K 

into lead at infinite 

dilution. 
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Fig. 4—Diffusivity of 
bismuth into lead is 
illustrated when Co 
= 52.7 pct Bi. Cap- 
illary of 1.20 mm 
bore and _ unstirred 
bath. 


fused in the 52.7 pct Bi runs, because the capillaries 
had to be handled quickly due to the low melting 
temperature of the alloy. 


Discussion 

Fig. 3 shows the data for the diffusivity of bismuth 
into liquid lead when an initial concentration of 1.7 
pct Bi was used. The scatter in the data is partly due 
to uncertainties in the chemical analyses after the 
diffusion runs. The analyses are good to +0.05 pct Bi 
in the range below 5 pct and are good to 0.5 pct Bi in 
the higher alloys. The calculation of diffusivity by 
either the Einstein-Stokes or the Eyring equations is 
not in agreement with the data. A value of 1.464 
was used as the effective radius of the bismuth 
atom,” and values of viscosity of liquid lead were 
taken from Bienias and Sauerwald.” The energy of 
activation of viscosity, AH*,, of pure liquid lead is 
2380 cal per mol; for the 1.7 pct Bi alloy, it is 2040 
cal per mol. The line of best fit for the diffusivity 
data, calculated by the least squares method, is 

2760 

RT 
and C, = 1.7 pct Bi. Thus, from the measured dif- 
fusivities, AH*, = 2760 cal per mol which compares 
with AH*, = 2040 to 2380 cal per mol for viscosity.” 

In comparing these liquid data with values in the 
literature for solid diffusion in 1 to 2 pct Bi-Pb 
alloys,’ the diffusivity increases at the melting tem- 
perature by a factor of about 10*. A single measure- 
ment of the self-diffusion of liquid lead has been 
made by Groh and von Hevesy.* Their value of 
2.54x10~ sq cm per sec at 343°C is in fair agree- 
ment with the 3.5x10~° sq cm per sec measured in the 
1.7 pet Bi alloy. 


D3; = 3.37x107 exp | sqempersec [4] 


Table II. Data for All Diffusion Runs with Unstirred Bath* 


Apparent 

Dz: x10°, 
Run Time, Ca, Sq Cm 
No Min 1, Cm Pct Bi °C per Sec 
150 13 6.20 39.9 356 2.2 
151 20 6.56 34.6 356 3:3 
152 10 6.20 42.2 356 2.0 
154 8 5.39 42.2 356 1.9 
155 8 5.52 42.4 356 1.9 
156 9 7.32 38.5 450 Dat 
158 tf 9.35 41.7 450 7.2 
159 10 9.10 40.8 450 i) 
160 1G} 8.89 36.3 450 6.6 
163 20 5.21 striee/ 520 7.8 
164 9 8.95 33.3 560 16.0 
165 5 6.94 39.6 560 7.9 
166 4 6.00 45.1 560 25.0 
167 6 7.09 40.7 560 9.1 


* Co = 52.7 pct Bi and Cs = 0.00 pct Bi. Capillary of 1.20 mm 
bore. 


Fig. 5—Diffusivity of 
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Figs. 4 and 5 show the data for diffusivity of bis- 
muth into liquid lead when the initial compositions 
in the capillaries are 52.7 and 100 pct Bi. The least 
squares lines for the 1.20 mm bore, unstirred runs 
are 
9500 


RT 


Apparent D,, = 4.1 exp | sq cm 
per sec [5] 


where C, = 52.7 pct Bi, AH*, = 9500 cal per mol 
compared with AH*, = 1460 cal per mol,” and 


Apparent D,;, = 6.5 exp Le | sqcem 


per sec [6] 


where C, = 100 pct Bi and AH*, = 8150 cal per mol 
compared with AH*, = 1440 cal per mol.” 

The tests for effects of bore size and stirring rate 
are shown in Fig. 5, for the 100 pct Bi runs. This 
graph shows the two o limits for the unstirred runs 
with normal capillary size. Neither increased bore 
size nor stirring rate appears to have significant im- 
portance in the measured diffusion rates. The bound- 
ary condition at the open throats of the capillaries is 
maintained by the very small convective stirring 
present in the diffusion bath during the run. 

In Table I the diffusion coefficients reported are 


ibe the true diffusion coefficient of bismuth in a 
Pb-Bi alloy of 0 to 2 pct Bi. In Tables II and III the 
apparent diffusivities of bismuth in the various con- 


Table III. Data for All Diffusion Runs* 


Apparent 
Biy 

Run Bore, Time, Ca, Stir- Sq Cm 
No. Mm Min l, Cm Pct Bi ring °C per Sec 
102b 1.20 90 6.00 64.4 No 354 6.4x10-4 
103b 1.20 10 5.34 86.8 No 351 6.5x10-4 
105a 1.20 6 5.85 87.5 No 351 1.2x10-3 
109a 1.20 4 4.88 89.9 No 336 7.9x10-4 
110a 1.20 8 4.57 85.0 No 336 7.7x10-4 
112a 1.20 15 3.96 40.8 No 562 4.8x10-3 
113a 1.20 15 4.12 36.8 No 562 5.9x10-3 
114b 0.79 21 3.46 51.5 No 382 1.8x10-3 
115b 0.79 40 4.12 56.2 No 382 1.1x10-3 
118a 0.79 5 3.86 83.9 No 382 1.0x10-3% 
118b 0.79 5 4.37 88.1 No 382 7.1x10-4 
119a 0.79 20 3.51 41.8 No 473 2.7x10-8 
119b 0.79 20 3.61 48.5 No 473 2.3x10-% 
123b 0.79 7.5 2.80 56.2 No 470 2.6x10-3 
125b 1.20 15 4.57 62.5 No 449 2.6x10-3 
127b 1.20 20 4.75 59.0 Aft 449 2.5x10-3 
128b 1.20 35 5.24 By ml A 449 4.1x10-3 
129a 1.20 5 3.86 75.4 Bt 449 2.4x10-3 
132b 1.20 15 5.01 55.3 No 552 4.4x10-3 
135a 1.20 6 6.54 (533 No 552 4.8x10-3 
136a 1.20 15 5.54 67.1 B 450 2.9x10-3 
137a 1.20 15 5.18 64.0 B 450 3.0x10-3 


*Co = 100 pct Bi and Cs = 0.00 pct Bi. 
+ Rate A is two bubbles per second and B is four bubbles per 
second. 
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centration intervals are shown. These diffusivities 
were calculated by using Eq. 1. The limits of cer- 
tainty of these data can be determined by reference 
to Figs. 3, 4, and 5. In a future paper, the nature of 
the concentration gradient and its effect upon the 
true diffusion coefficient of bismuth in various Pb-Bi 
alloys will be reported. 


Summary 

1—Diffusivity of bismuth in liquid Pb-Bi alloys 
has been measured as a function of initial concentra- 
tion and temperature by the capillary reservoir 
technique. 

2—The Einstein-Stokes and the Eyring equations 
are not adequate to represent the diffusion coefficient 
of bismuth in dilute solution in liquid lead. It is not 
possible to evaluate the relative merit of the two 
equations. 

3—The activation energies of diffusion and vis- 
cosity are approximately the same in the dilute 
alloys; however, AH*, is much greater than AH*, in 
the higher bismuth alloys when a large concentra- 
tion gradient is employed. 


Appendix: Solution of Fick’s Law for Long Capillary 
Fick’s second law for unidirectional diffusion may 
be written 
aC G's 7] 


* Nomenclature for the equations is as follows: C is concentra- 
tion, Co is the initial concentration, Cs; is the surface concentration, 
Ca is the average concentration in the capillary at time t, D is the 
diffusion coefficient, l is the length of the capillary, A is the cross- 
sectional area of the capillary, t is the time of diffusion, qo is the 
rate of diffusion of the solute from the open end of the capillary, 
and Qo is the quantity of solute diffused from the capillary in 
time tf. 


assuming the variation of diffusion coefficient with 
concentration can be neglected. The boundary condi- 
tions to be considered are as follows: 

1—C (x =x andt = 0) = C,. At the start, the con- 
centration in the capillary is uniform and equal to 
Ce 

2—C (x = 0 andt = t) = C.,. The surface concen- 
tration at the open end of the capillary is suddenly 
changed to C, and maintained constant at C, 
throughout the experiment. 

considered to be of infinite length; practically speak- 
ing, the concentration changes resulting from diffu- 
sion should not penetrate the full length of the 
capillary. 

For these boundary conditions, the solution to Eq. 
7 may be written by analogy with the corresponding 
solution for unsteady heat flow in an infinitely thick 


plane wall* 
x 
RIDE 


in which erf refers to Gauss’s error integral. 
Fick’s first law gives the rate of diffusion q, out 
the open end of the capillary (at x = 0) 


ac ) os 


0x 


C= — ers ( 


DA ( 


z=0 


The concentration gradient at the open end is ob- 
tained by first differentiating Eq. 8 with respect to x 
and then substituting x = 0 in the result. Combining 
this result with Eq. 9 
D 1/2 
[10] 


Ga ( 
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The total quantity of solute Q, diffused out of the 
capillary in time t is given by 


Qo= [11] 
Substituting Eq. 10 in Eq. 11 and integrating 
The original quantity of solute in the capillary is 


C.Al and the final quantity is C,Al. Thus, the mate- 
rials balance for the process can be written 


Dt \” 


Q.= 2A (C,—C,) ( [12] 


Rearrangement of Eq. 13 gives 


2 
Cire ( ) [14] 
l = 


which is the desired solution. 

In the foregoing derivation, it is implicitly as- 
sumed that concentrations are in quantity of solute 
per unit volume of solution and that there is no 
superimposed mass flow out the end of the capillary 
as the result of changes in molar volume within the 
capillary. If density changes occur and if concentra- 
tions are expressed in weight percent, Eq. 14 must 
be regarded as an approximation. 
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Some Studies of Al-Cu and AI-Zr Solid State Bonding 


by Samuel Storchheim 


M ORE and more attention is being paid to the 
bonding of metals in their solid states. For a 
better understanding of this technique for joining 
metals and how it is affected by changes in tempera- 
ture, pressure, and time at temperature and pres- 
sure, a detailed report concerning nickel to alumi- 
num bonding has been published.’ In order to 
broaden the knowledge accrued, some additional 
work concerning solid state joining of aluminum to 
copper and aluminum to zirconium was performed. 

The investigation of the Al-Cu system was con- 
siderably more extensive than the investigation of 
the Al-Zr system. For the Al-Cu system, not only 
were tensile sudies made but intermetallic pene- 
tration rate investigations also were carried out. The 
effect of temperature on intermetallic penetration 
rate for the Al-Cu system was determined at 11 tsi 
pressure, held 2 min. 

Procedure 

Apparatus: The hot pressing technique was the 
means of solid state reaction used and required the 
equipment depicted in Fig. 1. The following pro- 
cedure was involved: 

The two metals to be reacted were placed in an 
aquadag-lubricated 18-4-1 tool steel die, 16 in. high 
by 1.440 in. ID, between punches of 1.366 in. diam 
made of the same material. A thermocouple well 
was located in the die body 3% in. down from the 
top of the die, while another well was located cen- 
trally in the bottom punch 814 in. from the bottom of 
the die. This die assembly was located in three 
cylindrical ceramic heating furnaces placed in tan- 
dem. Each furnace was controlled individually by a 
Variac power transformer. In turn, the die and fur- 
naces were placed in a water-cooled stainless steel 
pot which could be evacuated. A cover, which con- 
tained a centrally located Wilson seal with an 18-4-1 
1 in. diam ram running through it, was bolted on the 
pot. After sealing, the pot was evacuated by a 
roughing pump to 200 microns pressure, after which 
a diffusion pump was used to bring the pressure 
down to 5 to 15 p. At this pressure, the furnaces 
were turned on. As soon as they started to heat, 
out-gassing of the entire unit raised the pressure to 
30 to 400 w. By the time the specimens were at 
temperature ready to be pressed, approximately % 
hr, the vacuum pumps had re-established the 5 to 
15 mw pressure. Once the desired temperature was 
reached, the required pressure was applied for a 
predetermined length of time to the 1 in. ram, 
through to the top punch, and to the specimen. When 
the time for keeping the specimen under pressure 
had elapsed, the pressure was released, the energiz- 
ing coil current turned off, and the assembly allowed 
to cool. After cooling, the die was removed from the 
pot and the specimen was ejected. 

Specimen Preparation: Two different types of 
specimens were made for this investigation. One 
was for subsequent tensile testing, while the other 
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Fig. 1—Apparatus required for hot pressing is shown sche- 
matically. 


was for determination of intermetallic alloy zone 
penetration into the parent metals. 

Tensile Bars—Commercially rolled copper pieces 
¥% in. thick or zirconium sheet pieces 1/32 in. thick 
and 1.366 in. diam were placed between commercial 
2-S aluminum rod 1 in. thick and 1.366 in. diam. 
This sandwich in turn was slipped into a 2-S alumi- 
num sleeve 1.438 in. OD and 1.370 in. ID. This sleeve 
lined the couple up and prevented the aquadag lub- 
ricant from getting in between either the Al-Cu or 
Al-Zr interfaces. Immediately prior to the speci- 
men assembly, the copper or zirconium was abraded 
on the flat surfaces with 320 grit silicon carbide 
paper, producing clean smooth surfaces. The alumi- 
num was chemically cleaned just before assembly 
by: 1—degrease in acetone, 2—distilled water rinse, 
3—immersion for 3 min in 5 pect NaOH at 70° to 
80°C, 4—distilled water rinse, 5—immersion for 2 
min in 50 pct HNO; solution at room temperature, 
6—distilled water rinse, and 7—drying in a blast 
of gas. 

After the Al-Cu sandwiches were hot pressed and 
ejected, the specimens were machined such that the 
aluminum sleeve was removed, and the remaining 
aluminum was then threaded; the bar so produced 
was tested later for tensile strength. In all the in- 
stances where Al-Cu couples were tested, the speci- 
mens broke during the test at the Cu-Al interface 
and never within the aluminum or copper. The ulti- 
mate tensile strength values at times showed con- 
siderable scatter for a set of given reaction condi- 
tions. Because of this, as many as three to five speci- 
mens were made for a particular set of conditions. 
The trend of the average tensile strengths obtained 
was not as conclusive as was the trend of the maxi- 
mum tensile strengths, the latter values being ob- 
tained under optimum reaction conditions. There- 
fore, the values of ultimate tensile strength given 
herein are maximums. 
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Fig. 2—Log of the coefficient of penetration is given as a 
function of the reciprocal of the absolute temperature. 


The Al-Zr couples were prepared for tensile test- 
ing somewhat differently. The aluminum sleeve was 
removed, but because of the high Al-Zr bond 
strengths achieved it was necessary to machine the 
Al-Zr area down to % in. diam in order to avoid 
stripping the aluminum threads during subsequent 
tensile testing. 

Penetration Couples—The preparation of Al-Cu 
penetration couples was very similar to that of as- 
sembling the tensile bars; however, molybdenum 
strips % in. sq and 0.001 in. thick were placed at 
the center of the Al-Cu interfaces as the couples 
were being assembled. The molybdenum strips 
were used as inert markers, since they did not react 
with either the aluminum or copper at the reaction 
conditions used. In addition, the molybdenum pre- 
vented Al-Cu interaction where it came between 
the aluminum and the copper. In this manner, there- 
fore, the molybdenum markers acted as reference 
lines for eventual penetration measurements, i.e., the 
extent of penetration was measured from both sides 
of the original Al-Cu interface, as defined by the 


Fig. 3—Cu-Al 
couple reacted 
at 525°C, 11 
Z tsi, for 2 min. 
Two alloy zones 
formed: A, Cu; 


% reduced approx. 


* 
production. 


Fig. 4—Cu-Al 
couple was re- 
acted at 525°C 
at 11 tsi for 2 
min in vacuo. 
Note the two al- 
loy zones formed. 
A labels copper; © 
B, Cu-Al; and C, 
aluminum. 
X1500. Area 
reduced approxi- © 
mately 35 pct 


for reproduction. 2 
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Table |. Al-Cu Penetration Constants at 11 Tsi Pressure 


Penetration Penetration 
Constants into Cu into Al 
Activation energy, cal per 
gram-atom 26,000 13,600 
Po, sq cm per sec 5.6x10-2 4.0x10-6 


molybdenum strip, up through and to the deepest 
penetration of the Al-Cu intermetallic compounds 
formed. 

Al-Zr penetration measurements were not made. 
However, one specimen was examined for the thick- . 
ness developed of the intermetallic alloy that formed 
between the aluminum and zirconium. 

Penetration Measurements and Methods of Calcu- 
lating Penetration Constants: After the Al-Cu as- 
sembly under study was hot pressed and ejected 
from the-die, a quarter-pie-shaped section was cut 
from it, mounted, and measurements of 30 of the 
deepest penetrations into the aluminum and into the 
copper were determined microscopically. The meth- 
od for obtaining the penetrations has been described 
elsewhere. The penetration data were calculated 
from the following formulae 


P=X*/t [1] 


where X is the penetration in centimeters, t is time 
in seconds at temperature and under pressure, and P 
is the penetration coefficient in square centimeters 
per second. 
InP = InP, —Q/RT [2] 


where P, is the temperature-dependent constant, Q 
is the activation energy for penetration in calories 
per gram-atom, R is the universal gas constant, T is 
the absolute temperature of reaction, and InP, is the 
intercept on the In axis of InP vs 1/T curve. 

The method of alloy zone growth measurements in 
the Al-Zr specimen was similar to that for the Al-Cu 
measurements. However, the total thickness of the 
zone was measured and not the penetration into 
either the aluminum or zirconium. For this case, X 
was the zone thickness in centimeters and P was the 
reaction rate constant for zone thickness growth in 
square centimeters per second. 


Results 


Intermetallic Penetration: Fig. 2 shows a plot of 
the log of the penetration coefficient P of Al-Cu in- 
termetallics into both the copper and the aluminum 
vs the reciprocal of the absolute temperature. These 
specimens were reacted at 11 tsi pressure held for 2 
min in vacuo. The curve for the penetration into 
aluminum is indicated to be a relatively straight 
line, while that for the penetration into the copper 
also appears to be a straight line with some scatter 
of the points about this line. As the temperature of 
reaction increases, it is seen that the penetration 


jFig. 5—Cu-Al 
couple reacted at 
550°C at 11 tsi 
? for 2 min shows 
Cu-Al eutectic 
formation. The 
) strength of this 
=. bond was low. 
’ Area A is Cu-Al 
4 eutectic and B, 
aluminum. X500. 
Area reduced ap- 
prox. 35: pct 
for reproduction. 
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Fig. 7—AI-Cu couple tensile strength is shown as a function of 
holding time at 11 tsi for two isotherms, 500° and 525°C. 


rates into both the copper and aluminum are rapidly 
approaching each other with the inference that they 
will intersect at higher reaction temperatures. The 
penetration constants for this particular system un- 
der the conditions used are listed in Table I. The 
activation energy for the curve representing pene- 
tration into copper is almost twice as great as that of 
the curve representing penetration into aluminum. 

It was always observed in the couples studied that 
two intermetallic zones were present; see Fig. 3. In 
the unetched condition, the copper-rich zone is ob- 
served to be darker than the aluminum-rich zone. 
Fig. 4is a higher magnification of the two zones which 
appear in the solid state bonding of Cu-Al under 
the conditions discussed. The eutectic in the Cu-Al 
system forms at 548°C. One couple was heated to 
550°C and the resulting microstructure is seen in 
Fig. 5. Observe that melting occurred and the eutec- 
tic formed. This couple exhibited practically no bond 
strength. 

As stated before, only one Al-Zr diffusion 
couple was reacted and this was at 20 tsi held 10 
min at 600°C. Only one intermetallic alloy zone was 
observed in this couple under the microscope. Pene- 
tration measurements were not made; however, a 
number of zone thickness measurements were made 
and the coefficient for rate of alloy zone formed was 
determined to be equal to 0.141x10° sq cm per sec. 

Bond Strength:. Al-Cu System—Fig. 6 is a plot of 
the ultimate tensile strength developed in reacted 
Al-Cu specimens at increasing temperatures for two 
pressures, namely 11 and 20 tsi held 4 min at pres- 
sure in vacuo. The indication is that at 11 tsi 
strength increases as temperature is increased. At 20 
tsi the same is true with the exception that addi- 
tional parts of the curve are generated, that is, 
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Fig. 8—AI-Cu tensile strength is given as a function of penetration 
into aluminum. Penetrations were obtained by two different methods. 


strength increases, levels off, and then decreases. It 
is interesting to note that the increasing strength 
portion of the 20 tsi curve is displaced to lower tem- 
peratures compared with the 11 tsi curve, that is, the 
same tensile strength is developed at lower temper- 
atures for higher applied pressure. The 20 tsi curve 
indicates that the intermetallic alloy zones ‘formed 
are of a brittle nature. 

The effect of time at 11 tsi pressure on resultant 
Al-Cu bond strengths is depicted in Fig. 7 for the 
isotherms 500° and 525°C. In both cases, the indica- 
tion is that strength increases with time at pressure. 
It also appears that the curves are steeply rising and 
then tend to level off. The strengths developed at 
500°C are higher for the same pressing conditions 
than those developed at 525°C. 

From the penetration into aluminum data (see 
Fig. 2), it was possible to determine tensile strength 
as a function of penetration into aluminum for pene- 
trations obtained by either increasing reaction tem- 
peratures or varying lengths of time at one temper- 
ature and pressure. Fig. 8 shows the relationships 
obtained. The upper curve represents penetration 
into aluminum at 500°C held at 11 tsi for increasing 
lengths of time. 

The curve indicates slightly rising tensile strength 
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Fig. 9—AI-Zr tensile strength is developed as a function of 
increasing temperature for yarious isobars. Pressure was held 
15 min in yacuo. 
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Fig. 1O—AI-Zr 
couple is shown 
after being tensile 
tested. Note that 
failure has oc- 
curred within the 
aluminum and not 
at the AI-Zr 
interface. 


with increasing penetration into aluminum. The 
lower curve is for penetration into aluminum ob- 
tained by reacting the couples at 11 tsi for 4 min at 
increasing temperatures. Observe for this latter 
curve the very sharp increase in strength with in- 
crease of penetration into aluminum. In all instances 
for the same penetration into aluminum, the tensile 
strength developed by increasing length of time at 
500°C is always greater than that obtained for in- 
creasing reaction temperatures. Only at approxi- 
mately 13x10* cm penetration into aluminum did 
the strength in the latter curve approach that in 
the former. 

Al-Zr System—In Fig. 9 is shown a plot of 
the Al-Zr tensile strengths developed as a function 
of increasing temperatures for various isobars, 
namely, 11, 15, 20, and 25 tsi, all pressures being 
held 15 min in vacuo. It is observed that in all in- 
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Fig. 11—-Curves show AI-Zr tensile strength developed with 
increasing pressure at various isotherms. 
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Fig. 12—Curve shows AI-Zr tensile strength developed with 
increasing time at 11 tsi pressure at 600°C. 


stances, with the exception of the 11 tsi points, 
strength rapidly declined with increasing reaction 
temperature, reached a minimum, and then rose. In 
addition, the curves were displaced downward from 
each other with decreasing pressure, that is, for the 
same temperature reaction condition, the tensile 
strength developed at higher pressures was always 
greater than at the lower pressures. At 550°C for 15, 
20, and 25 tsi pressures, the tensile bars ruptured 
not at the Al-Zr interface but rather within the 
aluminum itself. This, of course, means that the 
Al-Zr bond strength developed was greater than 
that of the aluminum used. See Fig. 10 for a picture 
of an as-pulled tensile bar exhibiting rupture within 
the aluminum. 

The effect of pressure on resultant Al-Zr tensile 
strength is depicted in Fig. 11 for three isotherms: 
575°, 600°, and 625°C. In all cases the curves show 
increasing strength with increasing pressure. The 
curve for the 600°C isotherm is displaced downward 
from that of the 625°C curve, while the 575°C curve 
appears to cut across both of these curves. 

Al-Zr tensile strength as a function of increasing 
time at 11 tsi pressure at 600°C is shown in Fig. 12. 
Increasing strength with increasing time at the re- 
action conditions is indicated. 


Conclusion 

Solid state bonding of aluminum to copper and 
aluminum to zirconium was studied as a function of 
temperature, pressure, and time at pressure. The 
results indicated that good bonds could be obtained 
between aluminum and copper at the temperatures 
investigated. 

The excellent bond strengths attained between 
aluminum and zirconium indicate that the system 
bears further investigation. With this system, it is 
possible to develop bond strengths between the two 
metals which are greater than aluminum itself. 


Acknowledgment 
Work performed at Sylvania Electric Products Inc. 
was carried out under AEC Contract No. AT-30-1- 
GEN-366. 


Discussion of this paper, if any, will appear in 
JOURNAL OF METALS, May 1956, and in AIME Metals 
Branch Transactions, Vol. 206, 1956. 

1S. Storchheim, J. L. Zambrow, and H.,H. Hausner: Solid State 


Bonding of Aluminum to Nickel. Trans. AIME (1954) 200 Pp. 269; 
JOURNAL OF METALS (February 1954). : 2 


TRANSACTIONS AIME 


| 
| 


Relation of Flake Formation in Steel to Hydrogen, 


Microstructure, and Stress 


by A. W. Dana, Jr., F. J. Shortsleeve, and A. R. Troiano 


The phenomenon of flake formation which may occur during cooling or room tem- 
perature aging of large steel sections is caused by a combination of hydrogen and stress. 
As such, the transformation characteristics of austenite in a particular section play a 
major role in the occurrence of flakes. Isothermal and continuous cooling studies dem- 
onstrated that flake formation is particularly sensitive to nature, distribution, and relative 
Proportions of the microconstituents in the cooled sections. In the absence of transfor- 
mation stresses, abnormally high hydrogen contents could be tolerated without flaking. 
Flakes were not found in the absence of transformation stresses. No correlation existed 
between average hydrogen content and flake formation where cooling stresses were low. 
Hydrogen in the steel was a necessary but not sufficient condition for flake formation. 


ESPITE a long history of laboratory and com- 

mercial investigations, the mechanics of hair- 
line crack or flake formation in large steel sections 
remains unresolved. Recent publications** empha- 
size that flaking is still a serious problem.* 


* As a necessary adjunct to this experimental investigation, the 
authors completed a critical survey of the literature.1 


Flakes have been defined by the Alloy Steels 
Research Committee’ as small cracks which have 
no essential association with segregates or nonme- 
tallic matter and whose distribution may or may 
not be related to the external shape of the section 
in which they form.+ This description was supple- 


+In the authors’ opinion, this definition may be unnecessarily 
restrictive if it is considered that differences in section size, hard- 
enability, and cooling stresses encountered in forgings may change 
the relative magnitudes of the important stresses in such a way 
that the cracks might have considerable length. 


mented by Sykes’ and Burton* with the criterion 
that flakes or hairline cracks usually occur in steel 
sections in which the macrostresses introduced by 
cooling are small. Many investigators have shown 
that flakes may be transcrystalline as well as in- 
tercrystalline and that flakes may occur both in 
ingots and forgings. 

Of the many theories that have been advanced, 
only two are considered as plausible explanations 
of the mechanics of flaking and are defined briefly 
as follows: 

1—The hydrogen pressure theory states that the 
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immediate cause of flaking is the pressure exerted 
by entrapped hydrogen gas that collects in small 
internal cavities or voids during cooling. When the 


_temperature of steel is low enough to preclude ex- 


tensive plastic flow, the cavity pressures cause local 
brittle fractures (flakes). 
2—The microsegregation and transformation stress 
theory. According to this theory, flaking results 
from stresses arising from the volume changes ac- 
companying the formation of martensite and/or low 
temperature bainite after a large portion of the 
section has transformed at elevated temperatures. 
The proponents of the hydrogen theory suggest 
that stresses from other sources may be additive to 
the stresses produced by hydrogen and may, in 
some cases, provide the increment of stress neces- 
sary to produce flakes. However, the critical as- 
pect of this theory is that no stress, except that 
produced by hydrogen pressure, is believed to be 
sufficient in itself to produce flakes. For practical 
considerations, this means that the only safe ther- 
mal cycle is one that reduces the hydrogen content 
to some low critical level below which flaking will 
not occur regardless of the state of transformation. 
On the other hand, the transformation stress 
theory does not rule out the embrittling effect of 
hydrogen. This theory simply proposes that flaking 
does not occur in the absence of transformation 
stresses. With the transformation stress theory as 
a basis, commercial antiflaking cycles would be 
designed to complete the transformation of aus- 
tenite prior to cooling to ambient temperatures. 
Both of these theories appear compatible with 
industrial experience. Antiflaking cycles, such as 
cooling at extremely conservative rates or soaking 
for periods of time in the upper subcritical temper- 
ature ranges prior to cooling to ambient tempera- 
tures, may allow the following: 1—diffusion of 
hydrogen out of the section and, as a consequence, 
reduction of the hydrogen content to some safe 
minimum value (hydrogen pressure theory) and 
2—complete decomposition of the austenite at rela- 
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Fig. 1—Photograph 
shows SAE 4340 
specimen after ex- 
posure to nitrogen 
atm at 2050°F for 
21 hr followed by 
water quench. The 
specimen was aged 
at room temperature 
for 10,000 hr before 
sectioning. Electro- 
lytic polish. X2.25. 
Area reduced ap- 
proximately 20 pct 
for reproduction. 


tively high temperatures where transformation 
stresses may be relieved by plastic flow (transfor- 
mation stress theory ). 

In attempts to resolve such industrial experience, 
numerous investigators have studied flake forma- 
tion in both laboratory and commercial size steel 
sections. The resulting literature is contradictory. 
For example, some investigators’ ® observed that 
hairline cracks can form in the absence of trans- 
formation stresses and concluded that hydrogen is 
the main variable controlling flake formation. In 
contrast, others” demonstrated in a series of ex- 
periments with a wild heat of.low alloy steel that 
flakes did not form when the steel was presumably 
completely transformed prior to cooling. In this 
latter case, abnormally high hydrogen contents 
were present. 

Presented here are the results of an investigation 
designed to evaluate the effects of stress and hydro- 
gen. The experimental approach has been to in- 
troduce and remove controlled amounts of hydro- 
gen in medium to high hardenability steels followed 
by a transformation analysis of the steel in ques- 
tion. The two variables, hydrogen and transforma- 
tion stress, ultimately should be separable, thus 
affording a basis for an evaluation of the relative 
contribution of each toward the mechanics of flake 
formation. 


Material and Procedure 

Compositions of the five steels employed in this 
investigation are listed in Table I. 

Hydrogen was introduced into cylindrical speci- 
mens by austenitizing at 2050°F in a continuous 
flow of hydrogen gas which has been passed through 
a catalytic purifier for oxygen absorption. Speci- 
‘mens were removed from the high temperature 
furnace after flushing with dry nitrogen for 2 to 3 
min and then treated according to one of the ther- 
mal cycles listed in Table II. 

All specimens were aged at room temperature 
prior to sectioning to allow for an incubation period 


Table I. Compositions of Steels 


Steel Cc Mn Si i) Ss Ni Cr Mo 
2340* 0.39 0.78 0.24 0.028 0.017 3.37 — —_— 
3140* 0.40 0.76 0.26 0.020 0.015 1.37 0.66 -—— 
4140* 0.38 0.80 0.23 0.024 0.025 _— 1.00 0.19 
43407 0.41 0.84 0.31 0.018 0.025 173 0.84 0.24 
4340* 0.40 0.80 0.24 0.020 0.025 1.76 0.84 0.25 
5145* 0.49 0.85 0.28 0.018 0.030 0.18 0.89 0.03 


* Available as 1% in. hot-rolled bar stock. 
+ Available as 1% in. hot-rolled bar stock. 
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Fig. 2—Photograph 
shows SAE 4340 after 
exposure to hydrogen 
atm at 2050°F for 
27 hr followed by 
water quench. The 
specimen was aged 
at room temperature 
for 450 hr before 
sectioning. Electro- 
lytic etch. X2.25. 
Area reduced ap- 
proximately 20 pct 
for reproduction. 


Table Il. Thermal Cycles Investigated 


Type Treatment 


1*  Austenitized 44 to 60 hr 
in hydrogen atm at 
2050°F 


Quenched into salt bath 
at temperature of iso- 
thermal transformation 
and held various periods 
of time followed by water 
quench. Specimens room 
temperature aged 1 week 
before sectioning. 

27 Austenitized 60 hr in End quenched in standard 
hydrogen atm at end-quench hardenability 
2050°F fixture modified to hold 

large specimens. Speci- 
mens cooled to room tem- 
perature and aged 1 
month before sectioning. 

Quenched directly into 
water and room tempera- 
ture aged before section- 
ing. 


3t Austenitized 20 to 60 hr 
in hydrogen or nitro- 
gen atm at 2050°F 


* Cylindrical specimens 1% to 134 in. diam by 2% in. long. 
; Cylindrical specimens 1% in. diam by 4 in. long. 
¢ Cylindrical specimens 1 to 1% in. diam by 2% in. long. 


for flake formation. In every case, flakes or cracks 
of any type were not observed until after the speci- 
mens had been aged at room temperature. 

The presence of flakes was detected by standard 
metallographic polishing, by macroetching in a 30 
pet HCl solution or by electropolishing in an elec- 
trolyte consisting of a 25 pct saturated water solu- 
tion of LiNO, and 75 pct CH,OH. The electrolytic 
polishing procedure was particularly effective. Sec- 
tioning was accomplished with an abrasive cut-off 
machine wherein the specimen was submerged in 
water containing a cutting compound. 

Hydrogen analyses, which were supplied by the 


Republic Steel Corp., were performed by the vacu- 


um fusion method. As a result of space limitations 
in the vacuum equipment, dimensions of the speci- 
mens were approximately %4 in. sq by % in. long. 
Duplicate specimens for the hydrogen analyses were 
taken along the center line of each of the large size 
specimens. In addition, several small specimens of 
the correct size for analysis were charged with hy- 
drogen for check purposes. In each case, less than 10 
min elapsed between the end of a particular thermal 
cycle and submersion of the specimens in liquid 
nitrogen. Specimens were stored in liquid nitrogen 
until placed in the analysis apparatus. 


Results and Discussion 
Preliminary experiments were conducted to eval- 
uate the effect of hydrogen on the flake sensitivity of 
4340 steel. Specimens were austenitized in both nitro- 
gen and hydrogen atm and given thermal cycle No. 3 
of Table II (direct quench). Sectioning and electro- 
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polishing revealed that the nitrogen-treated speci- 
mens were free of hairline cracks even after pro- 
longed aging at room temperature. In contrast, the 
hydrogen-treated specimens exhibited a network of 
radially deployed cracks. The cracking of specimens 
treated in a hydrogen atmosphere occurred only after 
a time delay at room temperature. Photographs of 
representative sections of specimens are shown in 
Figs. 1 and 2. The hydrogen content of these water- 
quenched specimens previously treated in a hydrogen 
atm varied from 5 to 6 cu cm H, per 100 g metal.* 


* Small specimens of correct size for analysis and those sectioned 
from standard specimens had the same hydrogen content, 5 to 6 cu 
cm He per 100 g metal. These values are consistent with those 
published data for steels treated the same way and should repre- 
sent at least minimum values for the amount of hydrogen intro- 
duced by the high temperature treatment. 


Thus, it appears that steel may be made crack sensi- 
tive by soaking in a hydrogen atm near 2000°F and 
that hydrogen in steel increases the propensity toward 
crack formation. This confirms the observations of 
other investigators.“ 

Isothermal Treatments: Experiments described in 
this section are concerned with correlation between 
flake formation and the isothermal transformation 
characteristics of austenite. Utilizing treatment No. 
1 of Table II, specimens of 4340 steel were iso- 
thermally transformed at 580°, 640°, 860°, 880°, 
890°, and 1170°F for various periods of time. The 
results of these isothermal studies are summarized in 
Table III. 

In Table III note that all specimens austempered 
in the lower bainite region (640°F) exhibited flak- 
ing except those treated 22 min or longer. This 22 
min treatment was sufficient to transform the aus- 
tenite completely to bainite. At shorter times, where 
the decomposition of austenite was incomplete above 
M,, all specimens flaked. Fig. 3 shows photographs 
of the specimens and micrographs of the correspond- 
ing structures. Observe in Fig. 3 that the structures 
of the flaked specimens consisted of bainite plus 
martensite or martensite alone. Little difference in 
average hydrogen contents existed between speci- 
mens held for 6 and 22 min. Nevertheless, the par- 
tially transformed specimen (6 min) was flaked 
while the completely bainite specimen (22 min) was 
flake-free. Thus, stresses arising from low temper- 


a—Specimen was isothermally transformed for 2 min. 


Table III. Results of Austempering Flake-Sensitized SAE 4340 


Specimens 
Aus- Iso- 
temper- thermal 
ing Holding Hydrogen Flakes 
Tempera- Time, Content, Pres- 
ture, °F Min Microstructure Cu Cm per 100G ent 
80* -- Martensite 5.4, 5.8, 5.67 Yes 
580* 1 Martensite — Yes 
640* Martensite, bainite Yes 
640* 5 Martensite, bainite — Yes 
640* 6 Martensite, bainite Yes 
640* 10 Martensite, bainite — Yes 
640* 20 Martensite, bainite — Yes 
640* 22 Bainite 3.1,.2°5 No 
640* 24 Bainite —_— No 
860* 15 Martensite, bainite —_— No 
860* 55 Martensite, bainite — No 
880* 10 Martensite, bainite —_— No 
880* 25 Martensite, bainite 3.3, 2.5 No 
890* 30 Martensite, bainite — No 
890* 60 Martensite, bainite _ No 
1170t 210 Martensite, ferrite, == Yes 
pearlite 
1170+ 240 Martensite, ferrite, Yes 
pearlite 
1170 300 Martensite, ferrite, = Yes 
pearlite 
1170¢ 360 Martensite, ferrite, — Yes 
pearlite 
1170+ 420 Ferrite, pearlite = No 
1170* 30 Martensite, ferrite, = Yes 
pearlite 
1170* 60 Martensite, ferrite, 3.6, 3.5 Yes 
pearlite 
1170* 120 Martensite, ferrite, = No 
pearlite 
1170* 180 Martensite, ferrite, 3.1, 2.8 No 
pearlite 
1170* 300 Martensite, ferrite, — No 
pearlite 
1170* 360 Martensite, ferrite, — No 
pearlite 


* Cylindrical specimens 1% in. diam. 
+ Small specimen correct size for analyses. 
t Cylindrical specimens 1%4 in. diam. 


ature transformations appear necessary for flake 
formation, while average hydrogen contents are of 
doubtful significance. 

On the other hand, previously described experi- 
ments and published data have shown that hydrogen 
is an important factor to be considered. To further 
evaluate the effect of hydrogen, the experiments in 
the lower bainite region (640°F) were duplicated 
in every detail except that austenitizing was accom- 
plished in a nitrogen atm. Although the microstruc- 
tures were the same as the hydrogen-treated speci- 


was isothermally transformed for 5 min. 


b—Specimen 


c—Specimen was isothermally transformed for 6 min. Note that 
flakes are randomly distributed. 


absence of flakes. 


340 are shown after isothermal transformation at 640°F for indicated 


as + i f imens of SAE 4 
Fig. 3—Flake patterns and microstructures of speci 


times after austenitizing at 2050°F in hydrogen atm. Flake pattern specimens were unetched. XI. 
with 3 pct nital. X200. Area reduced approximately 30 pct for reproduction. 
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mens which flaked, no flakes were observed in speci- 
mens austenitized in nitrogen. Based on these pre- 
liminary experiments, both transformation stresses 
and hydrogen appear essential for flake formation. 

Transformation: Flaking experiments in the pearl- 
ite range yielded precisely analogous results to 
those in the lower bainite region. The minimum 
time required to complete the transformation of aus- 
tenite at 1170°F for 134 in. diam specimens was the 
same as the time for prevention of flake formation; 
see Fig. 4 and Table III. The microstructures of the 
flaked specimens consisted of varying proportions of 
martensite, pearlite, and proeutectoid ferrite. The 
microstructure of the flake-free specimen was pearl- 
ite and proeutectoid ferrite. Once again, elimination 
of transformation stresses on cooling prevented flake 
formation. 

The results of the isothermal studies are vividly 
summarized in Fig. 5, where photographs of the 
specimens are shown at appropriate positions on the 
TTT diagram for 4340 austenitized at 2050°F in a 
hydrogen atm. Note in Fig. 5 that for both series of 
experiments, isothermal decomposition in the lower 
bainite and in the pearlite regions, two types of 
cracking occurred. For treatments where relatively 
large volumes of martensite were present on cool- 
ing to room temperatures, quench type or radial 
cracking was observed. Randomly distributed cracks, 
which are generally considered as true flakes, did 
not appear until appreciable amounts of austenite 
had transformed at the austempering temperature. 
Thus, the type of cracking correlates with the state 
of transformation, i.e., the degree of transformation 
above M.,. 

An important factor to be considered when evalu- 
ating the effect of the degree of transformation 
above M, on crack formation is the tendency of hy- 
drogen to diffuse out of the transformation products 
formed by decomposition of austenite above M, and 
into the remaining austenite,* as well as out of the 
specimen. This would enrich the remaining austen- 
ite in hydrogen. Such enriched volumes would, of 
course, be more susceptible to flaking when they 
transformed to martensite. On this line of reason- 


a—Specimen was isothermally transformed for 210 min. 


c—Specimen was isothermally transformed for 360 min. 


Table IV. Times Required to Reduce Hydrogen Content From a 
Uniform Distribution at Specimen Center 


Time to Reach 
1 Cu Cm per 100 G at 


Diam, In. Center, Hr 
1 
5 25 
10 100 
25 625 
50 2500 


ing, unique correlation between the average hydro- 
gen content of specimens with mixed structures and 
flake formation would not necessarily be expected. 

The influence of the original hydrogen content of 
the steel section is self-evident. The degree of hydro- 
gen enrichment of the remaining austenite could be 
a potent factor. However, this observation may be 
more apparent than real, for the degree of trans- 
formation above M, would also influence the magni- 
tude and distribution of the transformation stresses 
arising during low-temperature decomposition of 
austenite. In addition, the rapid diffusion of hydro- 
gen coupled with the incubation period associated 
with flake formation appears to relegate the role of 
enrichment to one of secondary importance. In other 
words, unless flakes formed within an extremely 
short period of time, any hydrogen enrichment 
would have vanished by the time flakes formed. 
Sykes et al.” made this point with diffusion calcula- 
tions. Sykes concluded that, if an original austenite 
grain of 1 mm diam is assumed, any variation in 
concentration across the grain would be reduced to 
a negligible value in a period of 10 sec. However, 
normal incubation periods for flaking are far in ex- 
cess of the time required for homogeneous distribu- 
tion of dissolved hydrogen. 

The stress pattern induced by the distribution, 
amount, and nature of the microconstituents is of 
prime importance. This has been emphasized by the 
fact that complete transformation above M., with the 
concomitant elimination of transformation stresses 
on subsequent cooling, did prevent flaking. Fur- 


b—Specimen was isothermally transformed for 240 min. 


d—Specimen was isothermally transformed for 420 min. 


Fig. 4—Flake patterns and microstructures of specimens (134 in. diam) of SAE 4340 resulted from isothermal transformation at 1170°F for 
times indicated after austenitizing at 2050°F in hydrogen atm. Specimens in macrographs were unetched. XI. Specimens in micrographs 
were etched with 3 pct nital. X300. Area reduced approximately 35 pct for reproduction. 
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Fig. 5—Flake formation and hydrogen 
content were correlated with transforma- 
tion characteristics of austenite for 4340 
steel austenitized in a hydrogen atm. As- 
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ther evidence was apparent in the behavior of the 
specimen isothermally treated 420 min for comple- 
tion of the transformation to pearlite (see Fig. 4 and 
Table III). In this particular case, a zone approxi- 
mately %4 in. deep from the surface of the specimen 
was decarburized. Therefore, completion of the 
pearlite reaction in this decarburized zone was shifted 
to longer times and the zone exhibited a microstruc- 
ture similar to the specimen containing randomly 
‘distributed flakes, Fig. 4, 360 min treatment. Flakes 
were observed in the decarburized zone, Fig. 6, while 
the rest of the piece, completely transformed above 
M,, was flake-free. Significantly, higher hydrogen 
contents must have been present in the flake-free 
area than in the flaked decarburized zone at the sur- 
face. On the other hand, transformation stresses re- 
sulting from martensite formation were present in 
the decarburized zone and must be considered the 
major factor contributing to the incidence of flaking. 

In every case where the transformation of the 
austenite was complete above M,, flakes did not 
form regardless of the hydrogen content. This was 
demonstrated emphatically by the partially decar- 
burized specimen. Thus, hydrogen appears to sensi- 
tize steel to brittle behavior. Hydrogen is assumed 
to sensitize the steel to brittle behavior in relation 
to the amount present. As in any brittle material, 
there must be an application of stress to cause failure. 

In cases where little or no transformation of aus- 
tenite occurred during austempering, cooling stresses 
as well as transformation stresses apparently may 
contribute to the initiation of cracks. The quench 
type and radial crack patterns seen in Figs. 2, 4, and 
5 probably resulted from macrostresses induced by 
cooling and transformations. Conceivably a stress 
pattern could exist that would cause such cracks to 
propagate to the surface of the specimens or even be 
initiated at the surface. In these instances, the cracks 
would be identified as quench cracks. On this basis, 
it may be concluded that there is little fundamental 
difference between flakes and so-called quench 
cracks, the difference being primarily one of the 
nature of the stress pattern. On the other hand, the 
role played by hydrogen in producing sensitivity to 
‘embrittlement cannot be ignored. Conditions of flak- 
ing can be visualized in which the hydrogen contents 
may be high (severe embrittlement) and the stress 
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SECONDS 


low or the reverse situation where hydrogen con- 
tents are relatively low (slight embrittlement) and 
the stress exceedingly high. Likewise, the embrittle- 
ment and stress pattern could be such that cracking 
would not occur. 

The results on austempering 1% in. diam speci- 
mens at the pearlite nose (1170°F) provide informa- 
tion on the effect of specimen size. Only those speci- 
mens austempered for times of 60 min or less ex- 
hibited cracks. The cracks were similar to the 
quench cracks noted in Figs. 2, 4, and 5. At reaction 
times in excess. of 60 min where no cracks were 
noted, the microstructures were the same as in flaked 
134 in. diam specimens. In large sections, hydrogen 
loss by evolution is less. 

Sykes et al. considered the effect of section size 
on hydrogen evolution. It was shown that at 1200°F 
the diffusion rate of hydrogen in a iron required the 
times given in Table IV to reduce the hydrogen con- 


specimen isothermally transformed at 1200°F for 420 min. 
The remainder of the specimen was completely transformed 
to ferrite and pearlite and was flake-free; see Fig. 4. Speci- 
men was etched with 3 pct nital. X300. Area reduced ap- 
proximately 35 pct for reproduction. 
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a 
DIRECT QUENCH. 
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| 10 
Fig. 6—Micrograph shows flake in decarburized zone of 4340 


a—112 in. diam specimen was isothermally transformed for 5 min. 


a—Specimen was isothermally transformed for 30 min. 


c—Specimen was isothermally transformed for 240 min. 


b—1)4 in. diam specimen was isothermally transformed for 15 min. 


Fig. 7—Flake patterns and microstructures of specimens of SAE 
5145 are shown after isothermal transformation at 1200°F for in- 
dicated times after austenitizing at 2050°F in hydrogen atm. 
Specimens in macrographs were unetched. X1. Specimens in mi- 
crographs were etched with 3 pct nital. X300. Area reduced ap- 
proximately 35 pct for reproduction. 


d—Specimen was isothermally transformed for 300 min. 


Fig. 8—Flake patterns and microstructures of specimens of SAE 2340 are shown after isothermal transformation at 1000°F for times in- 
dicated after austenitizing at 2050°F in hydrogen atm. Specimens in macrographs were unetched. X1. Specimens in micrographs were 
etched with 3 pct nital. X300. Area reduced approximately 30 pct for reproduction. 


tent from-a uniform distribution of 8 to 1 cu cm per 
100 g at the center of cylindrical specimens. 

Values given in Table IV indicate a square relation 
between section diameter and time for hydrogen re- 
moval in a iron. This is in approximate agreement 
with the recent results of Demarez et al.“ who treated 
the evolution of hydrogen from steel cylinders as a 
manifestation of normal diffusion processes. From 
Sykes’ calculations, an increase in specimen diam- 
eter to 134 in. would increase the time for hydrogen 
removal approximately twofold. Thus, flakes did not 
form in the 114 in. diam specimen because of the de- 
crease in embrittlement which accompanied the hy- 
drogen loss by evolution. 

Specimen size also appeared to influence the flak- 
ing of specimens treated in the upper bainite region 
(860°, 880°, and 890°F). No flakes were observed 
(see Fig. 5 and Table III) when only partial trans- 
formation of the austenite (40 to 50 pct) to upper 
bainite occurred. In the same manner as for the 1%4 
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in. diam specimens treated in the pearlite range, the 
absence of flaking in specimens treated in the upper 
bainite region is attributed to the possibility that the 
magnitude of the residual stresses introduced by 
transformation and cooling did not exceed the frac- 
ture strength of the hydrogen-embrittled material. 
This phase of the flaking problem will be studied 
further. 

Specimens of 5145 and 2340 steels also were 
treated according to thermal cycle 1 of Table IT and 
isothermally transformed in the region of the pearl- 
lite nose of their respective S-curves.* The results 


* 1200°F for 5145 and 1000°F for 2340. 


are summarized in Table V and photographs and 
micrographs of the specimens are shown in Figs. 7 
and 8. 

The data on isothermal transformation of 5145 
and 2340 steels in the pearlite range are in complete 
agreement with those obtained for 4340. Thus, the 
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Fig. 9—Micrographs, macro- fe 
graph, and graph show structure > 
and hardness distribution for 
end-quenched bar of SAE 2340 
sectioned after aging 1 month 
at room temperature. Structures 60 ® 
A through E are keyed to points I 7A 
on the graph. Note numerous om Om, 
hairline cracks in area XY of 50 ene 
the macrograph. Macrograph 
specimen was unetched. X1. = NL© D 
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Fig. 10—Micrographs, macro- 
graph, and graph show structure AEE 
and hardness distribution for 


|e 


2000° F, HYDROGEN ATMOSPHERE. 


AUSTENITIZED 66HRS. 


end-quenched bar of SAE 3140 
sectioned after aging 7 days at 
room temperature. Structures A 
through E are keyed to points on 60;r— 
the graph. Note the hairline (B) 
crack in microstructure C. Note: a tee 
There were numerous fine hair- @50 ; 
line cracks in area XY of the z \ 
macrograph in addition to those 40 
visible. Macrograph specimen = SSS 
was unetched. XI. Micrograph 
specimens were etched with 3 © 30 
pet nital. X200. Area reduced 
approximately 35 pct for repro- = 
duction. 
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previous correlations may be extended to steels of 
different hardenability and austempering character- 
‘istics. Elimination of transformation stresses prior to 
cooling prevented flaking in 5145 even though high 
hydrogen contents were still present. The effect of 
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specimen size was evident in the behavior of 2340. 
The long austempering times required for comple- 
tion of the pearlite reaction in 2340 resulted in re- 
duced hydrogen contents by evolution. As a result, 
flake formation did not occur at extremely long iso- 
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Fig. 11—Micrographs of hairline cracks were taken in the area of larger cracks (Fig. 10) in end-quenched SAE 3140 specimen. Specimen 


was etched with 3 pct nital. X200. Area reduced approximately 45 pct for reproduction. 
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Table Y. Results of Austempering Flake-Sensitized 5145 and 


2340 Specimens 


Hydro- 
Austem- Iso- gen 
pering thermal Content, 
Tem- Holding Cu Flakes 
perature, Time, Cm Per Pres- 

Steel oF Min Microstructure 100 G ent 

5145 1200 5 Martensite, ferrite — Yes 

5145 1200 LS Martensite, ferrite 4.3, 6.1 Yes 

5145 1200 16 Pearlite, ferrite —_— No 

5145 1200 18 Pearlite, ferrite — No 

5145 1200 20 Pearlite, ferrite -— No 

5145 1200 25 Pearlite, ferrite 4.0, 3.8 No 

2340 1000 30 Martensite, ferrite — Yes 

2340 1000 65 Martensite, ferrite — Yes 

2340 1000 120 Martensite, ferrite, —_ Yes 
pearlite 

2340 1000 180 Martensite, ferrite — Yes 
pearlite 

2340 1000 240 Martensite, ferrite, — Yes 
pearlite 

2340 1000 300 Martensite, ferrite, -— Yes 
pearlite 

2340 1000 360 Martensite, ferrite, —— No 
pearlite 

2340 1000 420 Martensite, ferrite, — No 
pearlite 


902—JOURNAL OF METALS, AUGUST 1955 


Fig. 12—Micrographs, macro- 
graph, and graph show structure 
and hardness distribution for 
end-quenched bar of SAE 4140 
sectioned after aging 1 month at 
room temperature. Structures A 
through E are keyed to points on 
the graph. Note the cracks in 
micrographs C and D. Note: 
there were numerous fine hair- 
line cracks in area XY of the 
macrograph in addition to those 
visible. Macrograph specimen 
was unetched. X1. Micrograph 
specimens were etched with 3 
pet nital. X200. Area reduced 
approximately 35 pct for repro- 
duction. 


thermal holding times. Again transformation stresses 
appear essential, while hydrogen in the steel seems 
to be a necessary but not sufficient condition. 

The higher austenitizing temperature (2050°F) 
necessary to obtain relatively high hydrogen con- 
tents resulted in comparatively large grain sized 
material. As a consequence, the pearlite reaction was 
shifted to longer times. This will account for discrep- 
ancies between the transformation characteristics in 
the pearlite region of the steels in these experiments 
when compared with those in the literature. 

Continuous Cooling Studies: Mixed structures also 
may be produced in steel by varying the continuous 
cooling conditions from the austenitizing tempera- 
ture. The well known end-quench hardenability test 
incorporates many cooling conditions into one speci- 
men and results in- varying microstructures along 
the length of the test bar. Thus, the end quenching 
of specimens provides a critical method of extending 
the behavior of flake formation observed in the iso- 
thermal studies to the commercially more pertinent 
condition of continuous cooling. A total of five steels of 
varying hardenability were tested by end quenching: 
2340, 3140, 4140, 4340, and 5145. The heat treatment 
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Fig. 13—Micrographs, macro- 
graph, and graph show structure 


and hardness distribution for 
end-quenched bar of SAE 4340 
sectioned after aging 1 month 60 A B 
at room temperature. Structures 
A through E are keyed to points om LC) 
on the graph. Note that no 50 bere 
macro or microscopic cracks 
were found along the length of Ww rN 4 D 
the piece shown in the macro- = 40 ~ €) 
ra) 
graph. Macrograph specimen | 
was unetched. X1. Micrograph = en, 
specimens were etched with 3 30 
pet nital. X200. Area reduced & 
approximately 35 pct for repro- * 
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Fig. 14—Micrographs, macro- ° 
graph, and graph show structure eo 
and hardness distribution for 


end-quenched bar of SAE 5145 


sectioned after aging 1 month at 
room temperature. Structures A 
through E are keyed to points 60 (A) 
on the graph. Note the cracks i 6B) 
in structures A, C, and D. The n Teli 
hydrogen contents indicated for hy 50 : | 
the macrograph are given in cu = * 
cm per 100 g. Macrograph speci- ac NN 
men was unetched. X1. Micro- = 40 on, 
graph specimens were etched 
with 3 pct nital. X200. Area 
reduced approximately 35 pct 4 30 om 
for reproduction. a 

= 20 
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10 
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for hydrogen introduction and the specimen size are 
listed in Table II. Hardness traverses and micro- 
graphs were taken along the central axis of the bars. 
These data are depicted in Figs. 9, 10, and 12 through 
14. Additional micrographs of flaking in the 3140 
bar are shown in Fig. 11. 

The microstructures and distribution patterns of 
flakes correlate well in all five end-quenched bars. 
In every case, regions of complete transformation of 
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the austenite above M, were free of flakes. The 
microstructures consisted of bainite plus ferrite, 


t Essentially no pearlite was observed in the end-quenched bars, 
a phenomenon which can be rationalized on the basis of the re- 
tardation of the pearlite reaction by the large grain size resulting 
from the high temperature austenitizing treatment. 


e.g., position E for both 4140 and 5145. Flakes did 
not form in the absence of transformation stresses. 
Those areas in which flakes did appear invariably 
consisted of duplex structures of bainite plus mar- 
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tensite (positions D and E for 2340, C for 3140, C and 
D for both 4140 and 5145) where in all cases the 
transformation to bainite was at least 70 pct com- 
plete. Flakes were not observed in areas containing 
relatively smaller percentages of bainite, i.e., greater 
amounts of martensite. Thus, the state of transfor- 
mation and resulting stress pattern again appears to 
be the major factor controlling the occurrence of 
flakes. 

The correlation between flake distributions and 
microstructures in the end-quenched specimens can, 
as a first approximation, be extended to harden- 
ability. Fig. 15 demonstrates this in vivid fashion. 
The areas exhibiting flakes shifted away from the 
quenched ends as the hardenability of the steels in- 
creased. In fact, 4340 which possessed the highest 
hardenability did not flake under these particular 
conditions. These data are interpreted as additional 
evidence that flake formation in low alloy steels is 
intimately associated with the state of transforma- 
tion of the austenite and more specifically with the 
nature of the microconstituents, their distribution, 
and proportions. 

To correlate average hydrogen contents with flake 
patterns observed in end-quenched bars, duplicate 
bars of 2340 and 5145 steel were treated in an iden- 
tical fashion to those described previously and sec- 
tioned for hydrogen analyses. The results are listed 
in Table VI and indicated at the proper positions in 
Figs. 9 and 14. No significant differences in hydrogen 
content are apparent between those positions free of 
flakes and those exhibiting flakes in the two bars. In 
fact, the lowest hydrogen content (4.8 cu cm per 100 
g) was found in a flaked area of the 2340 bar and the 
highest (7.3 cu cm per 100 g) in a flake-free area of 
5145 bar. In the latter case, the transformation of 
austenite was complete above M,. Once again, aver- 
age hydrogen contents did not correlate with flake 
formation in specimens containing mixed structures. 
It is apparent that under appropriate conditions ab- 
normally high hydrogen contents can be tolerated 
without flaking. 

It is believed that the appearance of cracks at the 
quenched end of 5145 (Fig. 14) is another manifes- 
tation of the relation of cooling and transformation 
stresses and the embrittlement due to hydrogen. Un- 
doubtedly, the higher carbon of the 5145 also con- 
tributed to the incidence of cracking in the 5145. At 
the quenched ends of the other bars, the embrittle- 
ment and stress pattern could have been such that 
cracking would not occur. 


Summary and Conclusions 
The phenomenon of flake formation which may 
occur during cooling or room temperature aging of 
steel sections is believed to result from a combina- 
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Table VI. Hydrogen Analyses at Various Positions Along Axis of 


End-Quenched Bars of 2340 and 5145 Steels 


Specimen 


Location, He 

In. from Flakes Content,* 

Quenched Pres- Cu Cm per 
Steel End Structure ent 100 G 
2340 Ys Martensite No 7.7 
2340 Vg Martensite No 6.2 
2340 1 Martensite, bainite No T.4 
2340 1 Martensite, bainite No 6.9 
2340 15 Martensite, bainite No 5.9 
2340 1% Martensite, bainite No 6.7 
2340 2% Martensite, bainite Yes 6.3 
2340 2% Martensite, bainite Yes 6.3 
2340 3% Martensite, bainite Yes 51 
2349 3'2 Martensite, bainite Yes 4.6 
5145 % Martensite, bainite No 6.2 
5145 %, Martensite, bainite No 6.4 
5145 1% Martensite, bainite Yes 6.6 
5145 1% Martensite, bainite Yes 6.5 
5145 3% Ferrite, bainite No y oS 
5145 3% Ferrite, bainite No 7.3 
5145 3% Ferrite, bainite No 6.3 
5145 334 Ferrite, bainite No aS 


* Average of two values plotted in Fig. 9 for 2340. 


tion of hydrogen and stress. Hydrogen is believed to 
sensitize the steel to brittle behavior. As a result, the 
stress pattern in a section plays a major role in the 
occurrence of flakes. The stress pattern is particu- 
larly sensitive to the state of transformation of aus- 
tenite, i.e., the nature, distribution, and proportions 
of the microconstituents. Thus, the transformation 
characteristics of austenite are of primary impor- 
tance. 

The data obtained on isothermally treated and/or 
continuously cooled specimens of low alloy steel in- 
dicated the following: 

i1—Hydrogen in the steel is necessary for flake 
formation. 

2—Transformation stresses must be present. Flak- 
ing does not occur if the decomposition of austenite 
is completed above M, prior to cooling to room tem- 
perature. 

3—Under appropriate conditions abnormally high 
hydrogen contents may be tolerated without flaking. 

4—The greatest tendency for flake formation ex- 
ists in mixed structures containing relatively small 
amounts of martensite. 

5—There is no correlation between flake forma- 
tion in such mixed structures (with small amounts 
of martensite) and the average hydrogen contents. 

6—Predominately martensitic structures exhibit 
radial or quench type cracks which bear a relation- 
ship to specimen geometry. Cooling stresses un- 
doubtedly play an important role along with stresses 
from transformations and average hydrogen content. 

It appears that flakes do not form in the absence 
of transformation stresses and that flake formation, 
at least where cooling stresses are low, probably 
cannot be correlated with the average hydrogen con- 
tent of the section if these average hydrogen con- 
tents are not excessively high. 
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Activity of Sulphur in Liquid Fe-Ni Alloys 


by Jean A. Cordier and John Chipman 


Equilibrium in the reaction H», (g) + S = H2S (g) was studied at 1600°C for 
sulphur dissolved in Fe-Ni alloys of 0 to 100 pct Ni. Within experimental accuracy, 
the equilibrium ratio p,,./p,, [pct S] is independent of the Fe-Ni ratio. Its variation 
with sulphur content is the same in nickel and the alloys as in iron. Recent data on 
dissociation of S, into atomic sulphur are used to apply a small correction to earlier 
equilibrium data. Equations are presented which define the thermodynamic prop- 


erties of sulphur in liquid Fe-Ni alloys. 


Eee of sulphur in liquid iron was deter- 
mined by Sherman, Elvander, and Chipman.* 
The effects of a number of alloying elements on the 
activity of sulphur also have been determined, that 
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of silicon by Morris and Williams,’ that of carbon by 
Morris and Buehl,® and the effects of manganese, 
phosphorus, and aluminum by Sherman and Chip- 
man.’ The data of Rosenqvist and Cox’ have been 
used to establish the effect of copper. A summary of 
all of these data is included in the paper by Sherman 
and Chipman. In each case, the experimental method 
depended upon the study of equilibruim in the re- 
action of sulphur in the liquid metal with hydrogen 
gas to form H.S. Despite wide differences in the de- 
sign of apparatus used by the several investigators, 
all of the results are in excellent agreement. 


Experimental Study 


Since the experimental method has already been 
described, it will be sufficient to mention its general 
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Table |. Equilibrium in the Reaction of He with Dissolved Sulphur 
at 1600°C 


Sulphur, Pet (Du, s/PH,) PH.S 


Run Ni, Time, Ob- Cor- 


No. Pet Charged Final Hr served rected pu, [Pet S] 


19 0 0.36 0.51 5 1.39 1.34 2.58 
20 Q 0.74 0.59 5 1.61 1.55 2.58 
21 Q 0.59 0.50 5.5 1.37 1.32 2.58 
24 0 0.29 0.272 6 0.72 0.69 2.60 
25 Q 0.19 0.177 6 0.52 0.50 2.55 
26 Q 0.80 0.78 + 2.14 2.06 2.58 
27 10 04 0.40 5 1.16 1.12 2.55 
28 20 0.26 0.259 + 0.71 0.69 2.57 
29 30 0.26 0.240 5.5 0.66 0.64 2.57 

0 10 0.75 0.65 5 1.77 1.71 2.58 
Sl 20 0.56 0.457 6.5 1.21 EET 2.59 
32 30 0.40 0.358 7 0.97 0.94 2.58 
33 10 0.86 0.90 6.5 2.77 2.66 2.53 
34 40 1.04 1.09 4.5 2.98 2.86 2.58 
36 Q 1.28 1.17 5.5 3.41 3.28 2.55 
37 100 0.147 0.146 6.5 0.381 0.370 2.60 
38 75 0.098 0.112 6.5 0.267 0.260 2.63 
39 100 1.60 1.59 4 4.30 4.12 2.59 
40 40 1.57 1.57 5 4.31 4.13 2.58 
41 75 1.50 1.63 6 4.32 4.14 2.60 
42 100 0.08 0.102 7 0.246 0.239 2.63 
43* 100 5.54 6.50 6 13.2 12.1 2.73 
43a 5.64 2.67 
3 50 4.9 5.20 65 10.5 9.80 2.72 
45 100 1.08 1.38 6.5 3.27 3.14 2.64 
46 30 3.3 3.33 8 7.26 6.85 2.69 
49 100 1.03 1.55 8.5 3.55 3.41 2.66 


* Discrepant analyses in run No. 43 are shown as two poinis. 


features. The metal charge of about 120 g was held 
in an alumina crucible in a preheated stream of gas 
composed of a controlled mixture of hydrogen sul- 
phide, hydrogen, and argon. The H.-H.S mixture 
Was prepared in advance and its composition deter- 
mined before and after each run. The flow of mix- 
ture was controlled at 1200 cu cm and that of argon 
at 800 cu cm per min. 

The charge was melted in hydrogen and the sul- 
phur was added as pure iron sulphide to the molten 
metal. After this, the prepared gas mixture was ad- 
mitted to the furnace and the flow was continued for 
the period of 4 to 8 hr, as recorded in Table I. 
Samples were removed by suction, using a silica 
tube of about 5 mm ID. The temperature was con- 
trolled by frequent observation and adjustment 
of power input. In general, the maximum deviation 
from 1600°C during a run was 15°. The relation be- 
tween observed and true temperature was found 
from the emissivity data of Smith and Chipman,° 
which were obtained under similar experimental 
conditions. The melting points of electrolytic iron 
and nickel were used as reference temperatures. 

Sources of Error: An effort has been made to esti- 
mate the limits of error from each of several sources; 
this is most conveniently expressed as a deviation in 
log K at a specified temperature. Since the equilib- 
rium constant is not very dependent upon tempera- 
ture, the error due to a 15°C error in temperature is 
only 0.01 in log K. The control of gas composition 
offers a greater opportunity for error. When a mix- 
ture of H.S and H, is stored in a steel tank, the 
composition does not remain constant. Efforts to 
prevent reaction of the gas with the inner surface of 
the tank by careful cleaning and drying failed to 
remedy the situation. Immediately after every run, 
therefore, the gas mixture was analyzed and this 
ratio was used in the tabulated data. The dissocia- 
tion of H.S into H., S., and sulphur requires a correc- 


tion and data are available for this purpose. The 
tual calculations will be shown in a later section. 
It is sufficient to note here that, while the errors due 


to this correction are negligible, the overall error in 
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gas composition may be of the order of 2 pct of the 
recorded ratio. This is equivalent to 0.01 in log K. 
The possibility of some error from thermal diffusion 
in the gas stream must be recognized, but the good 
agreement obtained by the present method with re- 
sults of Morris and coworkers, using a method which 
is not susceptible to this error, leads to the belief 
that any error from this source must be small. 

Errors in metal analysis are due principally to 
segregation in the small samples obtained rather 
than to analytical procedures. Differences as great 
as 10 pct were observed in the sulphur content of 
parts taken from the same sample, the segregation 
being greatest in samples having visible porosity or 
pipe. The errors involved were minimized by using 
smaller tubes for the high sulphur samples and by 
analysis of the entire sample. Analyses of low nickel 
samples were done by evolution and absorption in 
ascarite. For the higher nickel samples, combustion 
or gravimetric methods were used. The overall 
errors of sampling and analysis are estimated to be 
of the order of 5 pct or 0.02 in log K. 

There is an additional error due to uncertainty in 
the attainment of equilibrium. The transfer of sul- 
phur to or from the bath is very slow, not because 
the reaction at the interface is inherently slow, but 
because of the very low sulphur-carrying capacity 
of the gas stream. For practical purposes, equilib- 
rium has been reached when the difference between 
the actual sulphur content of the metal and the true 
equilibrium value is less than the error of the analy- 
sis. With the very low sulphur concentration of the 
gas mixtures employed, it was estimated that, if the 
initial sulphur content differed from the equilibrium 
value by 10 pct, the time required to reduce this 
difference to less than 2 pct would be about 7 hr. 
Under such circumstances, the equilibrium condition 
cannot be firmly established unless this is ap- 
proached from both sides, and this was done through- 
out the investigation. Considering all of the sources 
of error, it appears that the uncertainties are of the 
order of +10 pct, or £0.04 in log K. 

Correction for Dissociation of H.S: At high tem- 
peratures H.S dissociates into H, and S., and the free 
energy’ and equilibrium constant are as follows 


AF° = 21,680 — 11.81T [1] 
log K = —4,740/T + 2.58 


from which the value of K at 1600°C is 1.12. S, dis- 
sociates further into sulphur and the free energy of 
this reaction has been uncertain until very recently. 
The experiments. of St. Pierre and Chipman’ at 
1550°C have fixed the free energy as +33 kcal per 
mol of S, and AH®, as +83 kcal. From these data 
the following equations are derived, which are ade- 
quate for the range 1400° to 2000°C 


S:(g) = 2S(g) 
AF° = 86,500 — 29.20T [2] 
is 
log K = —18,900/T + 6.38 


from which the value of K at 1600°C is 1.9510". 

In a typical case in which ps. = 0.6 atm and 
= 5.0X10°, the correction for dissociation 
to S. is —2.0 pet while that for the further dissocia- 
tion to sulphur is —2.7 pet. Thus the corrected ratio 
is 4.7 pct lower, or 4.76 10>. 

In the earlier studies of this reaction, the correc- 
tion for dissociation to atomic sulphur was un- 
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known and neglected. It can now be applied to the 
results of Sherman, Elvander, and Chipman: In 
their experiments the partial pressure of H, was 
approximately constant at 0.5 atm and the observed 
pressure of HS was corrected for its dissociation 
into S,. The additional correction to be applied is 
that for the dissociation into atomic sulphur for 
which K = px,ps/prus. With a constant pressure of 
H,, the ratio ps/px,s is constant for a given tempera- 
ture and the fractional correction to be applied may 
be expressed as a constant addition to log K. Values 
of the correction term to be applied to log K at each 
temperature are: —0.008 at 1540°C, —0.013 at 
1600°C, —0.022 at 1650°C, and —0.040 at 1727°C. 
These corrections are insignificant for any practical 
purposes but are applied to the data to make them 
strictly comparable. With these corrections, the data 
of Sherman, Elvander, and Chipman give the equa- 
tions 


H.(g) + S = H.S(g) 
log K = —1420/T — 1.83 [3] 
AF° = +6500 + 8.3T 


and 


S.(g) =S 
AF° = —28,180 + 3.44T. [4] 


The new corrections do not alter the reported 
values of the activity coefficient of sulphur in the 
binary and multicomponent systems that have been 
studied. In Fe-S alloys at 1600°C, this is given by 
the equation 

log fs = —0.028 [pct S]. [5] 


Discussion of Results 

All of the data are plotted in Fig. 1. Each symbol 
is accompanied by a dot which indicates the direc- 
tion from which equilibrium was approached. The 
original data of Sherman, Elvander, and Chipman at 
1600°C are represented by line A. When corrected 
for dissociation of H.S to form atomic sulphur, this 
becomes line B. The dashed lines are spaced 0.08 
log K units apart to represent the estimated errors 
of +0.04. Nearly all of the new data fall within these 
limits and the agreement is as good for nickel and 
for Fe-Ni alloys as for iron. 

It is concluded therefore that, within the recog- 
nizable limits of experimental error, 1—the data of 
Sherman, Elvander, and Chipman are confirmed 
and 2—the equilibrium in the reaction of hydrogen 
with dissolved sulphur is the same in liquid nickel 
and in Fe-Ni alloys as in liquid iron. The standard 
free energy of sulphur in the solution is constant 
over the range 0 to 100 pct Ni, the activity being 
taken equal to weight percent in the infinitely dilute 
solution. Moreover, the activity coefficient has the 
same dependence on sulphur concentration at any 
nickel content. It is highly probable that the en- 
tropy change is also independent of the Fe-Ni ratio, 
and hence that the heat of reaction is also inde- 
pendent. It follows that Eqs. 3, 4, and 5 represent 
the properties of dissolved sulphur in any liquid 
Fe-Ni alloy at 1600°C. If the slight change in activ- 
ity coefficient with temperature is ignored, the equa- 
tions may be employed over the entire range of in- 
terest in the metallurgy of liquid iron, steel, and 
nickel. 

In the refining of nickel and Ni-Fe alloys, the 
-chemical behavior of sulphur in the liquid base 
metal is the same as in liquid iron or low carbon 
steel. Differences in regard to desulphurization prac- 
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Fig. 1—Graph shows equilibrium ratio K’ — 
pu, [Pet S] 


Fe-Ni alloys at 1600°C. 


in liquid 


tice may stem from several sources. The sulphur 
content of nickel is generally held to lower levels 
than that of steel, and the slags used in refining may 
differ greatly. It is interesting to examine briefly 
the differences to be expected in the relative effects 
of other alloying elements and desulphurizers. 

There are a number of metals, typified by man- 
ganese, chromium, and cobalt, which show no spe- 
cific reactions in the liquid state with either iron 
or nickel and which are presumed to form nearly 
ideal solutions in either. The effect which such an 
element exerts upon sulphur is likely to be very 
much the same in liquid nickel as in liquid iron. On 
the other hand, carbon, oxygen, aluminum, and 
silicon behave rather differently in iron and nickel, 
and their specific effects upon sulphur may be ex- 
pected to be different in the two solvent metals. 
Magnesium and calcium are much more soluble in 
liquid nickel than in iron and they therefore are 
used much more effectively as desulphurizers in 
nickel than in iron. 

Summary 

Using gas equilibrium methods, it is found that 
the chemical behavior of sulphur in liquid steel is 
independent of the nickel content and that sulphur 
has the same activity and free energy in liquid nickel 
and Fe-Ni alloys as in liquid iron. The experimental 
data are summarized by Eqs. 3, 4, and 5. The effects 
of other alloying elements upon the reactions of sul- 
phur in iron and nickel are discussed. 
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Production of Zirconium Diboride from Zirconia 


And Boron Carbide 


by Charles T. Baroch and T. E. Evans 


ZrB. was produced in batches of 4 to 6 lb by interaction of ZrO., BsC, B2.O3, and 
carbon at around 2000°C in a simple graphite resistance furnace. Techniques of 
production are discussed and the final design of a suitable furnace is described in 
detail. Several other borides were made by the same technique and the process 
appears to have possibilities for commercial production. 


N seeking out new hard and refractory com- 

pounds, many researchers have turned to the in- 
vestigation of the borides and excellent papers have 
been published on the properties of these com- 
pounds. Few papers, however, have appeared on 
the techniques and problems concerned with the 
production of these high temperature substances. 
This report describes progress made in developing 
a method for preparing zirconium diboride, ZrB., 
on a pilot plant scale. 

The literature of the borides and other refractory 
hard metals recently has been reviewed, annotated, 
and classified so completely* that it is needless to 
attempt such an outline here. It is enough to say 
that three borides of zirconium have been reported: 
ZrB, ZrB., and ZrB,.” ZrB, is the most stable of 
these and is especially stable in the presence of car- 
bon up to and including its melting point of around 
3000°C. Like most borides, it can be prepared in 
several ways. It can be prepared by synthesis of 
the elements, but these are expensive and difficult 
to produce in a high state of purity. Obviously, 
production directly from the oxides would have de- 
cided economic advantages. In electrolytic produc- 
tion such as that of calcium boride,’ the product is 
recovered as a sludge mixed with electrolyte; and 
separation of product from adhering electrolyte and 
regeneration of the electrolyte is an involved and 
difficult process. 

The work on borides was started on a small scale 
in 1948. Late in 1949, Naval Ordnance expressed a 
specific interest in ZrB, and the project then cen- 
tered on this compound. After the usual experi- 
mental work necessary in a new field, ZrB. of good 
quality was produced by heating mixtures of B.C, 
ZrO., B.O;, and carbon to a temperature of about 
2000°C in a resistance-type electric furnace. Over 
100 lb was made for experimental use tests, and the 
method of production probably could be expanded 
into a commercial operation. A similar process has 
been described by Kieffer and coworkers.* 

The main chemical problems were the develop- 
ment of proper charges to insure complete reduc- 
tion of the elements, determination of the proper 
temperature range at which these reductions took 
place, and adoption of techniques necessary to pre- 
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vent inclusion of such impurities as carbon and 
nitrides. The mechanical problems consisted of de- 
veloping a simple practical furnace that would at- 
tain the high temperatures required and permit use 
of a controlled atmosphere when necessary and deter- 
mining of suitable refractories. Both problems were 
solved by designing a crucible resistance furnace. 


Crucible Resistance Electric Furnace 

Attempts were first made to produce ZrB, in an 
electric arc furnace, but such a furnace would not 
provide the degree of carbon control required for 
producing clean graphite-free borides, so it was 
decided to try working in a crucible. Obviously, 
the furnace would have to be constructed of graph- 
ite, as the temperatures required are too high for 
other refractories or heating elements. Crucibles 
were made by hollowing out segments of graphite 
electrodes, which were fitted with a cover and 
clamped between two electrodes so that the current 
passing through the thin wall of the crucible would 
generate heat, using the principle of the Helberger 
crucible furnace.*“ 

Preliminary tests with this type of furnace were 
encouraging and led to the furnace design shown 
in Fig. 1. The essential components were a thin- 
walled graphite crucible resting on a graphite block, 
which formed the lower electrode assembly, and a 
top electrode assembly swung from a pipe column 
making contact with the top of the crucible. The 
space around the crucible was filled with graphite 
prepared from waste electrodes crushed to about 
Y% in. This packing had excellent insulating prop- 
erties, both electrically and thermally, and could be 
removed easily and quickly from around the cruci- 
ble by means of an industrial vacuum cleaner. The 
largest resistor crucibles were machined from 8 in. 
electrode stock and were 26 in. long, with a side 
wall % in. thick and a 1 in. bottom. 

Temperatures were determined optically by sight- 
ing down a 1 in. hole drilled longitudinally through 
the top electrode and the crucible cover. Sealing 
this hole at the top was a water-cooled brass sight- 
glass assembly, shown in Fig. 2. An opening was 
provided for a light flow of helium to keep the sight 
opening clear of smoke, and a glass prism above the 
sight glass changed the line of sight to the horizon- 
tal for easier reading. More recently, the prism and 
optical pyrometer were replaced by a photoelectric 
recording pyrometer. 

At first the charges were placed directly in the 
resistor crucible but this meant that everything had 
to be withdrawn from the furnace every time the 
charge was emptied. Later, smaller crucibles were 
made up that could be placed inside the resistor 
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Fig. 1—Diagram of the crucible resistance furnace shows partial 
sectional elevation. 


crucible. These were usually of 6 in. electrode stock 
and any desirable length up to 22 in. A crucible 12 
in. tall, for instance, would hold 3000 g of the usual 
charge required for making ZrB, and would result 
in about 1800 g (4 lb) of product. On the other 
hand, a crucible 22 in. tall was required for a 3000 g 
charge of B.O, and lampblack in making B,C. 

At first the furnace was operated from one phase 
of a 156 kva transformer, which was available, 
capable of delivering up to 2000 amp and 20 to 60 v, 
varied by taps in 5 v steps. This transformer did 
not permit very smooth operation, as the voltage 
jump between steps was too great. Later a more 
suitable power supply was obtained, which con- 
sisted of a single phase oil-immersed self-cooled 
furnace transformer with 2600 v, 60 cycle primary 
and 66 v, 396 kva secondary. Reduced voltage taps 
were provided for seven intermediate secondary 
voltages down to 18 v with a current capacity of 
6000 amp on all taps. The transformer was also 
provided with a built-in reactor of 35 pct with taps 
at 15 and 25 pet and a voltage regulator for a step- 
less change in primary voltages of +10 pct, making 
it possible to have a continuous voltage change from 
8 to 80 v. 

Procedure and Results 

The first attempts at preparing ZrB, were made 
in an are furnace, using stoichiometric amounts of 
ZrO,, B.O;, and lampblack. All of the products con- 
tained excessive amounts of graphitic carbon and 
nitrides, which could not be separated from the 
ZrB,. Ceramists reported that these two impurities 
appeared to be especially harmful to the production 
of strong sound compacts because they acted as 
lubricants between the crystal faces of the other 
components. Production tests then shifted to the 
closed crucible furnace in which the addition of car- 
bon and the atmosphere could be controlled. 

Even in‘the closed furnace, the product made di- 
rectly from the oxides and carbon was not satis- 
factory. Results from different runs varied widely 
and it was difficult: to obtain a product containing 
enough boron. 

Some preliminary tests indicated that better con- 
trol of the graphitic carbon in the product could be 
obtained’ by using B,C as the reductant for ZrO.. 
B,C has the added advantage of forming a much 
more compact charge. Accordingly, B,C was made 
in fairly large quantities and used as an intermedi- 
ate. This could be prepared very easily by the sim- 
ple reduction of B,O, and lampblack in either an arc 
or a resistance furnace. The product made was not 
pure B,C, as it contained excess caroon, but this 
was of no importance because the total carbon 
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was taken into consideration when computing the 
charges, and carbon is necessary in addition to B,C 
for the reduction of ZrO, to ZrB, according to the 
reaction 

2ZrO, + B,C + 3C = 2ZrB, + 4CO. 


All raw materials for this work were commercial 
products, available in a fairly high state of purity. 
Three different grades of pigment grade zirconia 
were purchased, which contained 97.53 to 98.30 pct 
ZrO,. The major impurities were found to be from 
0.17 to 0.44 pet SiO., about 0.5 pet TiO., 0.3 pct P.O, 
and up to 0.16 pct R.O;. The B.O, purchased con- 
tained about 0.25 pect CaO and equal amounts of 
alkaline metals and 0.07 pct SiO.. Commercial 
lampblack was used for reaction carbon because of 
its purity. 

Fine grinding and intimate mixing were found to 
be absolute necessities for success in compounding 
charges for all high temperature work. Materials 
should be ground to —65 mesh, at least. Mixing 
was done in several types of rotating mixers, the 
simplest of which consisted of a 12 gal sheet iron 
drum, which was fitted with four steel fins made of 
% in. plate, equally spaced longitudinally, which 
acted as lifters when the drum was placed on a set 
of rolls and revolved. Charges were mixed over- 
night for 12 hr or longer. 

Boron Carbide: B,C was made, both in arc and re- 
sistance furnaces, from charges consisting of 63.5 

For the arc furnace, charges consisted of up to 
366 lb of charge, from which about 42 lb of sinter 
could be expected which, after crushing and leach- 
ing, would produce about 36 lb of finished crude 
B,C. The charge was fed into an open arc and only 
about 41 pct of the boron was recovered. A 6 in. 
graphite electrode was used which consumed be- 
tween 2000 and 3000 amp at 35 to 55 v. The oper- 
ation required 7 hr and consumed 880 kw-hr or 
about 24.5 kw-hr per lb of product. 

B.C was made in the resistance furnace using a 
6x22 in. crucible with a % in. wall as a container 
inside the resistance heater crucible. The charges 
approximated 3000 g which yielded about 724 g of 
product. Power was applied slowly at first to a full 
crucible starting with about 2500 amp, which re- 
quired 8.5 to 10 v. The amperage was raised at the 
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Fig. 2—Sectional elevation shows sight glass for crucible re- 
sistance furnace. 
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adhere firmly to the crucible, so that recovery of 
the B.C would damage the crucible and introduce 
impurities into the product. Temperatures just un- 
der 2100°C produced a satisfactory product which 
was almost jmper ceptibly sintered and was easily 
broken down to the fine material desired for pro- 
ducing ZrB. Average power consumption was 340 


kw-hr or 213 kw-hr per Ib. 


Table I. Analyses of B.C 


Resistance Furnace Product 


Are 
Furnace Crude Refined 
Preduct B.C B.C 
Total boron 73.0 65.1 79.7 
2 23.6 29.6 20.0 
0.10 1.93 <0.10 
0.06 <0.10 0.15 
0.77 
Totals 97.53 96.73 99.95 


The crude B.C contained unreacted carbon which 
could be removed by treating with a slight excess of 
B.O,. Typical of this operation was a charge con- 
sisting of 5790 g (12. rude B.C made orig- 
inally in eight batct hich was mixed with 18.3 
pet or 1300 g of B.O, and furnaced similar to the 
production of crude B.C. A charge took about 5 hr 
to bring to 2000°C, 8 hr io finish, and consumed 
540 kw-hr to produce 5240 g (11.5 Ib) of refined 
B.C. Refining, therefore, required 47 kw-hr per Ih 
of refined product. Typical analyses of the three 
types of product are listed in Table I. 


Ib) of 
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Table Hl. Typical Charge for Producing ZrB: 


Parts Pet of Total Charge, G 
Crude B.C 16.1 493 
ZrO: 67.1 2013 
amphisck C 93 273 
75 225 
Totals 620.2 100.0 3000 
The nitrogen content of the B,C made in an open 
arc furnace was surprisingly low, generally consid- 


On the other hand, B.C 
temperatures ranging from 

S very prone to pick up nitrogen 
nN 


2000° to 2150°C wa . 
and, if made without an inert atmosphere, it often 
c ned up to 2 pct N. Such nitrogen would be 


carried over into the ZrB. and probably would re- 


main as BN, which has the crystal lubricating char- 
i undesirable in ceramic work 

Boride: Charges for preparing ZrB. 

were based on the analysis of the BC to be used. 

For instance, 100 parts of the B.C listed under the 

are furnace pro t of Table I containing 73.0 pct B 
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paris ZrO. which in turn re- 
O reduction. Since 
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As little as 
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Table III. Analysis of Typical ZrBs, Pct 
Boron Theoretical 
Composition 
Water Total Ac- of 
Selu- Total counted 
Zr Total ble Si N Fe For Zr B 


795 186 0.10 0.05 009 O04 O15 9843 80.83 19.17 


weight of the charge was more satisfactory. The 
amounts of the ingredients required now can be 
calculated to a percentage from which any size 
charge can be calculated. Table II shows the calcu- 
lation based on 100 parts of crude B,C and gives the 
percentage of total and the weight of components 
for a typical charge aggregating 3000 g 

A small amount of B.O, appeared to be necessary 
to make the reactions go to completion. It reacted 
with any residual graphitic and carbide carbon, so 
that the total carbon left in the product would be 
less than 0.25 pet and frequently below 0.10 pct. 
Any high carbon ZrB, could be similarly cleaned of 
earbon by retreating with a small amount of B.Os. 
At the same time, this has the effect of bringing the 
boride ratio up closer to that of ZrB.. McKenna‘ 
mentioned using an excess of B.O; in preparing ZrB, 
by carbon reduction of mixtures of metal oxides 
with B.O,, but the excess B.O, did not control the 
excess carbon in his product which was reported to 
contain 1.89 pct C. 

The charge was furnaced very much like B.C ex- 
cept that the temperature could be brought up 
faster. A temperature of 1950°C was reached in 
about 2 hr and maintained for 3 hr. This tempera- 
ture was determined to be optimum after quite a 
number of small scale tests in which the tempera- 
ture was varied by 50°C between tests. At higher 
temperatures the material would tend to sinter to- 
gether and was not easy to remove from the cruci- 
ble without contaminating the product with graphite. 

The furnace was operated at 13 to 20 v and 3500 
to 5000 amp. The 5 hr run consumed 360 kw-hr as 
read on the input to the transformer. The average 
product from a charge weighed 1830 g¢ (4.0 Ib) so 
that the power consumption approximated 90 kw-hr 
per lb. The charge-containing crucible was removed 
after partial cooling overnight. 

The product was a homogeneous fine grained 
crystalline steel-gray material and a typical analy- 
sis is given in Table III. 

X-ray patterns on material with an analysis sim- 
ilar to that of Table III gave the lattice dimensions 
shown in Table IV which are compared with the 
data given by others. 

The X-ray pattern showed six faint lines that did 
not fit for ZrB. and they must have been due to 
impurities, all of which could not be positively 
identified. One line may have been graphite and 
one could have been either ZrC or B,C. The meas- 
ured density was 5.96 at 20°C. 


Table IV. Lattice Dimensions of ZrBs, A 


Bureau Kiess- 

of Mines McKenna’ Norton® ling! 
a 3.166 3.15 3.170 3.169 
c 3.538 3.53 3.533 3.530 
c/a 1.117 1,120.02 1.114 1.114 
Calculated density, 6.06 —: 6.09 — 


per cu cm 
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Preparation of Other Borides 

With the successful preparation of ZrB., it was 
natural to think of using the same method for the 
production of other borides. Because different bo- 
rides have different melting points, is became nec- 
essary to seek out the optimum temperature at 
which reduction would take place. Very often a 
temperature slightly higher than the optimum would 
cause the boride either to melt and combine with 
the graphite crucible or to pick up excessive graph- 
ite carbon from the crucible. The optimum temper- 
ature in each case was sought by making small 
charges in small 4 in. graphite crucibles and heat- 
ing them at temperatures successively 50°C higher, 
beginning at a point well below the known melting 
point of the particular boride. In this manner, ex- 
cellent borides of titanium, chromium, cobalt, and 
tungsten were made and fair examples of iron and 
manganese borides were made. Typical analyses of 
these together with the optimum reaction tempera- 
tures are given in Table V. 


Table V. Reaction Temperature and Analyses of Various Borides 


Analyses, Pct 


Boron 

Reaction 
Tempera- Water Mol 
ture, Solu- Ratio 
Boride °C Me Total ble Cc N Total Me:B 
TiBs 1900 ye} 28.8 0.26 0.93 0.45 95.48 0.52 
CrB 1800 81.5 16.1 0.03 0.69 0.23 98.52 1.05 
CoB 1700 83.5 15.9 0.10 0.19 1.12 100.71 0.97 
WB; 2100 87.1 aia 0.14 0.89 0.21 99.30 0.47 
FeB 1500 81.6 14.5 1.19 1.55 — 97.65 1.19 
MnBz(?) 1900 63.9 26.8 1:53 1.39 4.26 96.35 0.50 


The metal:boron ratio was calculated after de- 
ducting the water-soluble boron from the total 
boron and, in most cases, the ratios compared favor- 
ably with the theoretical. Likewise, the small 
amounts of material unaccounted for showed that 
reductions were good. MnB, has not been widely 
recognized as a definite compound, yet the Mn:B 
ratio is perfect for such a compound. Production of 
iron and manganese borides requires further devel- 
opment, but their properties did not appear to be 
particularly favorable for use as high temperature 
refractories, so nothing further could be done on 
them at this time. Of those listed in Table V, the 
borides of titanium, chromium, and tungsten were 
of most interest and were given some further study. 

X-ray analysis of the titanium boride proved the 
material to be hexagonal TiB. with the unit cell 
dimensions, in A, of a = 3.028, c = 3.228, and c/a = 
1.07. These values are an exact check of those re- 
ported by Kiessling.” 

The chromium boride gave an X-ray pattern 
found to be the orthorhombic ¢-phase CrB, as re- 
ported by Kiessling.” Several lines for impurities 
could be found, one of which was believed to be BN 
and another Cr.O;. The estimated compound analy- 
sis was calculated to be 96.23 pct CrB, 1.8 pct BN, 
and 0.05 pct Cr,O;. Excess boron was calculated to 
be about 2.0 pct, which may have been in solid 
solution with the CrB. 

The X-ray diffraction pattern on the tungsten 
boride sample proved to be very similar to the hex- 
agonal e« phase of tungsten boride, having the com- 
position W.B, as described by Kiessling,” and the 
X-ray work on this sample checked him very well. 

Other borides were attempted, but none was suc- 
cessful, as the charges were not completely reduced. 
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Those attempted included: AIB., AlB., SiB,, SiB,, 
Mg;B., Mo,B,, CeB,, and Cu;B.. It was recognized 
that the existence of some of these has been ques- 
tioned. 
Summary and Conclusions 
ZrB, of good quality, practically free of graph- 
itic carbon and nitride, was made from crude B,C, 
ZrO., lampblack, and B,O, in semicommercial lots, 
using a relatively simple crucible resistance fur- 
nace. Approximately 100 lb was made for use tests, 
and it was found that the quality was uniform on 
batches made under the same conditions. Other 
borides successfully made by the same method in- 
cluded TiB., CrB, W.B,, CoB, FeB, and MnB,. The 
work is being continued on a small scale and modi- 
fied techniques may yet be developed to produce 
other borides. 
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Continuous lon Exchange 


by R. McNeill, E. A. Swinton, and D. E. Weiss 


In a continuous countercurrent exchange process, an alteration in any one of the 
operating conditions has a complex effect on the others, which can only be predicted by 
employing the transfer unit or the theoretical stage theory on a basis of trial and error. 
A simple method is described for illustrating diagrammatically the behavior of a counter- 
current system, the equations being simplified by means of a concept the maximum hypo- 
thetical exchange performance. An example based on a typical metallurgical system is 
given, in which a divalent metal is recovered from a dilute solution, the resin being 
regenerated continuously by a monovalent ion. Useful conclusions are drawn from a study 
of the theory. Practical methods for performing continuous ion exchange are discussed, 
and the development of equipment based on modified ore dressing jigs is described. A 
swinging sieve jig contactor is evaluated experimentally. 


De the last decade, the new synthetic ion 
exchange resins have been applied extensively 
in industries outside the field of water treatment, 
but there is no record of a continuous counter- 
current process operating on an industrial scale. 
Attempts have been made to devise a satisfactory 
process but many problems remain to be solved. The 
basic principles of continuous processes will be out- 
lined, as well as the major problems in their opera- 
tion and the progress made in the CSIRO labora- 
tories toward the development of satisfactory indus- 
trial techniques. 

In the metallurgical field ion exchange resins can 
be used for various applications such as the recovery 
and concentration of valuable metals from mine 
waters,’ the regeneration of pickling and plating 
liquors,’ the prevention of pollution by waste efflu- 
ents and the recovery of the constituents from 
them,** and the purification of valuable metals such 
as the rare earths by chromatographic fractionation 
on columns of ion exchange resins.” * Further appli- 
cations undoubtedly will be found in the field of 
hydrometallurgy where the use of ion exchange 
resins would enable direct extraction of the desired 
metal ion from the filtered leach liquor or the leach 
pulp. For example, an ion exchange process has 
been described recently for the extraction of gold 
from a cyanide leach pulp.° 

A continuous process would have advantages in 
many applications over the usual process employing 
a fixed bed and intermittent cycle. In a recovery 
process, it would yield a product stream of steady 
purity and concentration, it would waste less water 
in rinsing, and if the contacting apparatus were 
efficient less resin would be used, since each portion 
of the resin would be cycled as soon as it was loaded 
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instead of lying idle until the whole bed was ready 
for regeneration. A very major advantage is that 
it would be simpler to control automatically. 

It is probable that continuous operation will be 
the key for really large scale applications of ion 
exchange. 

The flow sheet of a continuous ion exchange re- 
covery-concentration process is illustrated diagram- 
matically in Fig. 1. Dilute liquor containing the 
valuable ion flows through the stripping section 
countercurrently to a moving bed of resin and leaves 
after a final contact with freshly regenerated resin. 
The resin leaves the unit almost in equilibrium with 
the incoming liquor and then flows to the regenerat- 
ing unit where it is treated by a slow countercurrent 
flow of concentrated regenerant solution. The ad- 
sorbed ion is displaced from the resin and appears 
in the concentrated product stream. The resin then 
must pass through a rinse unit or section where 
regenerant entrained by the resin is washed back 
into the regeneration section by water. The regen- 
erated and washed resin is then recycled back to the 
stripping section. 


|. Theoretical Operating Behavior of Continuous lon 
Exchange Stripping System 

The simple theory of continuous ion exchange is 
analogous to that of solvent extraction and other 
diffusional transfer operations and is governed by 
the equilibrium relationship, the mass balance, the 
rates of mass transfer, and the contacting efficiency 
of the unit. 

Equilibrium Relationship—tThe relative affinity of 
two ions A and B, for a particular resin immersed 
in their solution, can be expressed by plotting com- 
positions of the solution against compositions which 
exist in resin in equilibrium with those solutions, i.e. 


C/C, vs q/a 


where C, is the total normality of the solution, C is 
the normality of ion A in the solution, a is the total 
exchange capacity of the resin in gram equivalents 
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Fig. 1—Diagram illustrates flow for a continuous ion ex- 
change recoyvery-concentration process. 


per kilogram of oven-dry resin, and q is the concen- 
tration of ion A on the resin in grams equivalent per 
kilogram of oven-dry resin. Examples of equilibrium 
diagrams are shown in Figs. 4 and 8. 

Mass Balance—In a particular countercurrent 
operation, a plot on the foregoing coordinates of the 
actual compositions of resin and surrounding solu- 
tion at sections along the unit is termed the operat- 
ing line. It terminates at the end conditions of the 
unit, i.e., at the points representing the composi- 
tions: (q/a), resin feed, (C/C,). solution effluent, 
and (q/a). resin leaving, (C/C,). solution feed. The 
operating line expresses the mass balance and has 
the slope 

WCE 


Ra 


where V is the rate of flow of solution in liters per 
hour and R is the rate of flow of resin in kilograms 
oven-dry per hour. This is the ratio of equivalents 
moving in the solution to those moving in the resin 
phase. 

Driving Force—The relative difficulty of achiev- 
ing any particular set of end conditions is dependent 
on the concentration differences (driving force) 
available between the actual compositions along the 
unit (plotted on the operating line) and the com- 


2-NORMAL Na* 
ON ZEOCARB 225 


NTS = NUMBER OF THEORETICAL STAGES 
T 


© 400 60 100% 
Y = UTILISATION OF REGENERANT % 


Fig. 2—Chart of regeneration of Zeocarb 225 shows effect 
on NTS required of regenerant utilization efficiency and the 
fraction of resin regenerated. 
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positions if true equilibrium were established 
(plotted on the equilibrium curve). 

If both operating and equilibrium lines are straight, 
the effective overall driving force is given by the 
logarithmic mean of the end conditions; but for the 
more usual case where the equilbrium line is curved, 
the theoretical stage method of McCabe-Thiele” 
must be used. A series of rectangular steps is drawn 
between the two lines, each step representing graph- 
ically an ideal stage in which complete equilibrium 
is achieved before the phases move on. The similar, 
but more rigorous, concept of the transfer unit 
(Chilton and Colburn") is differential, and the 
number of transfer units is obtained by a graphical 
integration. 

The number of transfer units (NTU) or, as a first 
approximation, the number of theoretical stages 
(NTS), is a measure of the difficulty of a particular 
operation; and, assuming that the rates of diffusion 
are controlled by the liquid film concentrations, the 
exchange performance of the system is given by 


and by simple mass balance 
[2] 
NTU 
RS X W x x [3] 
ax a Xx NTU 


where E is the performance of the system, i.e., the 
rate in gram equivalents per hour at which the sys- 
tem can perform the exchange of ions, W is the 
weight of resin in the system in kilograms oven-dry, 
Y is the fractional change in composition of the 
solution, X is the fractional change in composition 
of the resin, and k,S* is termed the mass transfer 


*Values of kpS quoted by Selke’?:t vary from 900 to 1400 g 
equivalents per hr per kg per g equivalent per liter for a % in. 
diam fluidized bed, stripping copper from a dilute solution, and 
from 12 to 44 for a 1/3 in. diam compact moving bed regenerating 
column. 


rate coefficient, expressing the rate of exchange in 
gram equivalents per hour per kilogram of resin for 
a mean concentration difference of 1 g equivalent 
per liter. This coefficient is not a constant, since it 
embodies not only the rate of diffusion of ions 
through the liquid film surrounding each resin par- 
ticle, which depends on the liquid velocity, etc., but 
also on the effect of slow diffusion in the solid phase, 
which is neglected in the assumption in Eq. 1, and 
on the inefficiencies of the apparatus, such as chan- 
neling, backmixing, and end effects. 

If however, kpS can be assumed to be relatively 
constant for a particular unit over a practical range 
of variables, then the effect of the operating vari- 
ables on the unit can be illustrated graphically by 
employing the concept of the hypothetical maximum 
performance, E,, of a unit where 


E, = kpS X W X C, g equivalents per hr 


i.e., the rate at which the amount of resin in the 
unit would exchange ions if the concentration grad- 
ient throughout were that which would exist be- 
tween fresh solution and fresh resin. 

The minimum flow rate of resin which could, 
hypothetically, exchange these ions is given by 


E, Cy 
R, = x W 
a a 
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Similarly 


When the concepts in Eqs. 1, 2, and 3 are sub- 
stituted, relative performance (Eq. 4), relative resin 
flow rate (Eq. 5), and relative solution flow rate 
(Eq. 6) are obtained 


[4] 
R Y 

= [5] 
[6] 


The values for NTU depend on the shape of the 
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Fig. 3—Effect of regenerant utilization efficiency and frac- 
tion of resin regenerated on the capacity of a plant is shown 
by chart for regeneration of Zeocarb 225. 
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Fig. 4—Chart of regeneration of Zeocarb 225 shows the 
effect on the capacity of a plant of the regenerant utilization 
efficiency and resin flow rate. 
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equilibrium diagram for the particular ions and 
resin in the system and on the positions of the 
operating lines, which are set by the initial compo- 
sitions and the composition changes, X and Y. 

For any specific system, after determination of 
the equilibrium diagram, the variation of NTU or 
NTS with X and Y may be obtained by graphical 
methods; and then by use of Eqs. 4, 5, and 6, the 
operating parameters may be plotted on one set of 
axes, as outlined under “Theoretical Performance 
Charts for Continuous Ion Exchange.” The resulting 
charts can be used to predict the performance char- 
acteristics of a system. 

Figs. 2, 3, and 4 are examples of such charts 
drawn specifically for the regeneration of Zeocarb 
225, calcium form, by means of 2-normal NaCl 


+ A cation exchange resin supplied by Permutit Co. Ltd., London. 


solution, but they illustrate the trends to be ex- 
pected in similar exchanges where one ion has rather 
more affinity for the resin than the other. The signif- 
icance of the figures is best illustrated by the fol- 
lowing examples, where the interrelation of both 
the regeneration and stripping unit is also discussed. 

Regeneration: An example of an equilibrium 
curve and various operating lines for a typical re- 
generation is given in Fig. 5. The curve gives the 
equilibrium compositions for Zeocarb 225 immersed 
in a 2-normal solution of NaCl and CaCl,. Lines 1 
and 2 illustrate limiting conditions requiring an in- 
finite number of theoretical stages, since the lines 
are tangential to the equilibrium curves. Line 1 
demonstrates that to strip 95 pct Ca from the resin 
the maximum possible use of the regenerant is only 
45 pet, (C/C,). = 0.45, i.e., the regeneration requires 
2.2 times the stoichiometric quantity of NaCl. On 
the other hand (line 2), to obtain 95 pct utilization 
of the regenerant only 47 pct Ca can be stripped 
from the resin. These figures could be achieved only 
if the exchange unit were infinitely long, or the flow 
rates infinitely small—in other words, when no ex- 
change takes place. 

For practical use, there must be a sacrifice of effi- 
ciency to obtain a reasonable production rate. Line 3 
illustrates a typical countercurrent operation (actu- 
ally run lla of Table III) where 47 pct Ca was 
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Fig. 5—Operating lines are given for 2-normal NaCl re- 
generation of Zeocarb 225. 
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Fig. 6—Equilibrium curyes (drawn from data of Baumann”) 
illustrate divalent-monoyalent equilibria (Ca-Na on Dowex 
50) dependence on concentration. 


stripped from a fully loaded resin, while 87 pct NaCl 
regenerant was utilized and converted to CaCl. 
Then 


that is, X = 0.47 


( ) = 0.87 
Cy 


that is, Y = 0.87. Eight theoretical stages can be 
stepped off between this line and the equilibrium 
curve. 

The relative performance is thus 


= = = 0.109. 
E, NTU 8 


Other operating conditions can be postulated in 
which the resin is not as completely regenerated, for 
example, to (q/a). = 0.7 (ie., X = 1.0 to 0.7 = 0.3), 
at the same degree of regenerant utilization. By 
graphical construction, it is found that the number 
of theoretical stages is reduced to three, and by Eq. 4 
the performance of the unit is thus increased by the 
factor 8/3 to E/E, = 0.87/3 = 0.29. To realize these 
conditions, the brine flow rate must be increased by 
the same factor (Eq. 6) but the resin flow rate must 
be quadrupled (Eq. 5). 

The complicated interrelation of such variables is 
illustrated graphically in Figs. 2, 3, and 4 which are 
drawn as described under “Theoretical Performance 
Charts for Continuous Countercurrent Ion Ex- 
change.” 

Fig. 2 shows the number of theoretical stages 
(NTS) which are required in order to achieve vari- 
ous degrees of resin regeneration and regenerant 
utilization. 

Provided that the design of the apparatus is such 
that the requisite number of theoretical stages can 
be developed, then Fig. 4 illustrates the dependence 
of the performance of the plant on the degree of 
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Fig. 7—Graph shows the stripping of a divalent ion from a 
dilute solution, illustrating the number of transfer units re- 
quired for various compositions of resin feed. 


regenerant utilization which is required and on the 
flow rate of the resin. The corresponding values for 
NTS and for the regenerant flow rate also are plotted 
across the chart. For the same coordinates, Fig. 3 
gives the corresponding degree of resin regeneration 
which would be achieved. The points corresponding 
to operating lines 2 and 3 of Fig. 5, and the other 
operating conditions mentioned, can be traced read- 
ily on these charts. 

For this particular exchange, from a study of Figs. 
2, 3, and 4 it may be said in general that little in- 
crease in exchange performance may be gained by 
using more than 40 pct excess of brine (ie, 
(C/C,)2< 0.7) and that high performances can be 
obtained with almost complete usage of brine, par- 
ticularly at high resin flow rates. 

If the resin entering the regenerating unit is only 
95 pet saturated with calcium, the curves are similar 
to Figs. 3 and 4, except that the theoretical maxi- 
mum regenerant utilization is 85 pct and all the 
curves approach asymptotically to zero at this value. 
If the resin is initially only 90 pct saturated with 
calcium, the maximum regenerant utilization can 
be only 75 pct. 

Stripping: In most metallurgical applications, the 
ion to be recovered is polyvalent and the regenerat- 
ing ion is monovalent. Because of the mass action 
effect in such an equation as 


MR + 2NaCl=Na.R + 
solid solid 


the equilibrium is dependent on the concentration 
of the solution, as demonstrated in the equilibrium 
curves of Fig. 6 which are drawn from data pub- 
lished by Baumann.” 

The extreme nonlinearity of the curves for low 
concentrations is a graphical statement of the fact 
that a resin will strip divalent ions so avidly from 
a dilute solution that there is virtually no effective 
back pressure until the resin is almost saturated. In 
Fig. 7 with such a nonlinear equilibrium curve, all 
the operating lines drawn involve practically the 
same number of transfer units, irrespective of the 
initial loading of the resin entering a countercurrent 
stripping system. From Eq. 1, the performance of 
the unit is, therefore, approximately constant for 
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given values of C,, W, and k,S and does not depend 
on the composition of the resin feed. 

When both the stripping and regeneration units 
are considered together as a continuous unit for the 
recovery of a divalent ion from a dilute solution, it 
is seen that it is feasible to only partially regenerate 
the resin, thus utilizing the regenerant as efficiently 
as possible, and yet obtain almost complete strip- 
ping of the divalent ion from the dilute solution. 
A high production rate is attained by rapid circula- 
tion of the resin; a practical limitation is that, if the 
recovered ion is required in as concentrated a solu- 
tion as possible, then the resin circulation rate is 
limited, because the resin carries over dilute liquor 
or wash water into the regeneration unit, thus dilut- 
ing the effluent concentrate. Even if the resin is 
dewatered on a filter between the units, some resi- 
dual water still will be carried over into the regen- 
eration unit. 


Table |. Theoretical Resin Requirements for Recovery of 1310 G 
Equivalents per Hr Ca 


NTU Re- Weights of Resin, Concentra- 
Resin quired Kg Oven Dry tion of 
Flow, in Total Product 
Kg Regen- Strip- Regen- Trans- as Stream, 
per Hr erator per erator fer CuFt Normality 
436 14 187 870 c. 50 77.0 1.77 
935 4.5 187 312 ec: 50 38.4 1.56 
1350 3.2 187 226 c. 50 32.4 1.42 


The significance of some of the variables is illus- 
trated in Table I, which is the result of numerical 
calculations based on Fig. 4 (see section two under 
“Theoretical Performance Charts for Continuous 
Countercurrent Ion Exchange’). In a unit for the 
continuous recovery of 1310 g equivalents per hr Ca 
(which is equivalent to 1 ton Cu per day), an in- 
crease in the rate of resin flow decreases the amount 
of resin and size of plant required, but it is accom- 
panied by an increasing dilution of the product. 

Theoretical Performance Charts for Continuous 
Countercurrent Ion Exchange—One: The examples 
given are for the regeneration of Zeocarb 225, fully 
loaded with calcium, by means of 2-normal NaCl 
solution. 

Over the appropriate equilibrium curve (Fig. 5), 
a series of pencils of operating lines are drawn from 
= 0, (q/a), = 1 — X, for various values of X and Y. 
The number of theoretical stages is stepped off be- 
tween each line and the equilibrium curve. 

1—NTS is plotted against Y, as a family of curves 
with X as a parameter, Fig. 2. 

2—Y/NTS = E/E, is plotted against Y, as a family 
of curves with X as a parameter, Fig. 3. 

38—Y/NTS X X is plotted against Y, as a family 
of curves with X as parameter. 

4—From the graph of Y/NTS xX X vs Y, along 
constant abscissae, values of Y/NTS xX X and Y are 
read off for values of X; and from these figures 
Y/NTS = E/E, is plotted against Y, as a family of 
curves with Y/NTS xX X = R/R, as parameter, Fig. 4. 

5—On the charts of Y/NTS vs Y, the pencil of 
lines NTS = 1, 2, 3, etc. is drawn, corresponding 

Two: To demonstrate the use of these charts, a 
series of calculations was made for a hypothetical 
exchange plant, using Zeocarb 225, designed to strip 
calcium ions from a solution of composition Ca** = 
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72 ppm, Nat = 9.4 ppm, to an effluent of composition 
Ca** = 2 ppm, Na* = 90 ppm. The regeneration was 
to be performed with 12 pct NaCl brine, 90 pct of 
which was to be utilized. 

The value of k,S for the regeneration calculation 
has been assumed as 10 g equivalents per hr per kg 
per g equivalent per liter and as 1000 g equivalents 
per hr per kg per g equivalents per liter for the 
stripping. These figures are considered to be prac- 
tically attainable on the basis of the figures in this 
paper and those published previously.®* * 

Regeneration Section: Assuming a resin bed 10 ft 
high and 3 ft diam, then W = 1000 kg oven-dry 
resin, C, = 2-normal, a = 4.5 g equivalents per kg, 
Y = 90 pct, and k»S = 10. Then E, = kpS X W X 
C, = 20,000 g equivalents per hr and R, = E,/a = 
4450 kg per hr. 

Example A: Assume a linear flow of resin of 1 
fpm, i.e., R = 6000 kg per hr. Then R/R, = 1.35. On 
Fig. 4 on the ordinate for Y = 90 pct, the correspond- 
ing value for E/E, is 0.29. Therefore, E = 0.29 X 
20,000 = 5800 g equivalents per hr. From Fig. 2, 
NTS required is 3.2. From Fig. 3, fraction of resin 
regenerated is 0.22. 

Similar examples were calculated for resin flows 
of 3 and % changes per hr, respectively. 

Stripping Section: C, = 0.004 normal, Y = (0.9 
— 0.025) = 0.875, and k,S = 1000. If the resin enter- 
ing the stripping stage has q/a less than 0.80, the 
number of transfer units required in this section is 
virtually constant and by graphical integration is 
approximately five. 

Thus, from Eq. 1 

1G 
Whe = 0.143 E. 
(C5 


For example A where E = 5800 g equivalents per 
hr, then W = 830 kg. 

Dilution by Carry-Over of Water on the Resin 
Cake: Assuming, on the basis of experimental figures, 
that the cake carries 0.2 liter of residual water per 
kg oven-dry resin, then for example A product will 
be 5800 g equivalents per hr in 2900 liters at 
2-normal concentration; resin flow rate will be 6000 
kg per hr, and entrained water will be 6000 X 0.2 
= 1200 liters per hr. Thus, the actual product stream 
will be 2900 + 1200 = 4100 liters per hr and the 
actual concentration is thus 5800/4100 = 1.41 normal. 

In Table I, three examples with different resin 
flow rates are reduced for comparison purposes to 
a common production rate of 1310 g equivalents per 
hr to demonstrate the effect of resin flow rate on the 
amount of resin required and the opposing dilution 
effect due to water entrainment. 1310 g equivalents 
per hr of copper ion are about 1 ton Cu per day, 


Il. Equipment for Continuous lon Exchange—Use of 
Modified Ore Dressing Jigs 


The major problem in the development of a con- 
tinuous ion exchange process is the design of a con- 
tactor in which the resin is efficiently moved counter- 
currently to a liquid stream without excessive attri- 
tion of the expensive resin. This problem is common 
to the development of any continuous adsorption 
process, and many attempts have been made to solve 
it in other fields. A review of these developments 
has been made recently.* 

Some of the difficulties of a moving bed are ob- 
viated in a multicell cyclic process,“ where the 
liquid connections to a number of cells are changed 


TRANSACTIONS AIME 


REGENERANT 


Fig. 8—Diagram shows 8 ft 


countercurrent swinging sieve jig 
described in the paper. 


in unison at regular intervals to give a counter- 
current effect. However, it is difficult to synchronize 
the various sections. 

In the field of ion exchange, simple compact fall- 
ing beds have been employed by Stanton,” Selke,” * 
and Hiester and Phillips, and the feasibility of a 
continuous process has been amply demonstrated on 
a laboratory scale. Hiester and Phillips® have suc- 
cessfully utilized a 4 in. diam laboratory column 
with specially designed rotating plug valves which 
dewater the resin entering and leaving the column. 
Higgins and Roberts” have devised a jerked bed con- 
tactor in which intermittent liquid flow reversals 
jerk a bed of resin up a column. In the intervals 
between the pulses, solutions flow down through the 
bed as in fixed bed operation. Downflow has the 
important advantage that higher liquid flow rates 
can be maintained than in upflow operation. Both 
of these systems have rotating resin valves which 
would cause attrition and flow distribution would 
be difficult in large scale design. 

The use of fluidized beds for single stage contact 
of solids with gases and liquids is well established. 
Selke® * has demonstrated that a fluidized bed of ion 
exchange resin stripping copper from a dilute solu- 
tion has a degree of countercurrent action, since the 
denser copper-saturated resin sinks to the base of 
the bed where it is withdrawn. The Shell Develop- 
ment Co.* describes prolonged countercurrent con- 
tact in the annulus between a spinning rotor and a 
stator tube. The Standard Oil Development Co.” 
describes a multistage fluidized tower in which beds 
of adsorbent particles on perforated plates are fluid- 
ized by a rising stream of liquid and cascade through 
downcomers from plate to plate down the tower. A 
minimum velocity of liquid is required to fluidize 
the beds of solid, so that the contact time of the 
liquid with the solid is low and the operation of the 
tower is inflexible. Also the time of contact of indi- 
vidual particles on each plate may vary widely. 

Work in this laboratory has demonstrated that 
very satisfactory contact of resins with liquids can 
be produced if a rapidly pulsating flow of liquid is 
passed up through a bed maintained on a suitable 
screen. This results in an expanded bed, but since 
the particles momentarily settle during the down- 
stroke of each pulsation, there is relatively little 
turbulence or backmixing in the bed of particles. 
The bed is evenly maintained in a teetering condi- 
tion; and, behaving as a dense fluid, it flows across 
a screen plate and discharges uniformly over a weir 
when fresh resin is fed to the other end of the plate. 

This condition of a partly fluidized but nontur- 
-bulent bed has been used for many years in the ore 
dressing operation of jigging, and inexpensive rugged 
machinery has been developed to handle crushed 
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ores in this state. The authors have adapted well 
known ore dressing jigs to obtain countercurrent 
flow of solid particles and solutions. 

An experimental continuous ion exchange recovery 
unit has been built, the object of the investigation 
being to devise a continuous process for the recovery 
and concentration of valuable metals from mine 
waters, effluent streams, and leach liquors. How- 
ever, for experimental convenience, the Ca-Na ex- 
change system was used for the initial investigation. 

Experimental Procedure—100 to 200 gal per hr 
of water containing 200 ppm or more of CaCl, were 
passed up through a shallow bed of resin in a modi- 
fied diaphragm jig. When loaded with calcium, the 
resin was continuously transferred to a long swing- 
ing sieve jig where it was partly regenerated by a 
countercurrent flow of NaCl solution, then rinsed, 
and passed back to the stripping unit. The calcium 
was recovered as a 10 to 15 pct solution of CaCl., 
50 to 90 pct pure. 

Stripping Section: The diaphragm jig consisted of 
a wooden box, open at the top, holding a 2x1 ft 
horizontal Monel wire screen of 75 mesh. Under- 
neath this screen, a bed of % in. Raschig rings 
rested on a coarser screen and acted as a distributer 
for the upward flow of feed water. The base of the 
jig was a diaphragm which was pulsated by an 
eccentric over an amplitude of 1/20 to 1/10 in. 
at 100 to 200 strokes per min. A 1 in. layer of 14 to 
24 mesh quartz sand, which assisted the flow dis- 
tribution, and a 2 in. semifluidized layer of Zeocarb 
225 were retained on the screen by a weir at one 
end. When the resin was fed onto the other end of 
the screen, an equal quantity overflowed the weir 
into a sump and was transferred by a % in. bore 
airlift onto a horizontal rotary disk vacuum filter, 
8 in. diam. The dewatered resin cake then fell into 
a hopper feeding the regeneration section. The feed 
water flowed up through the bed into a divergent 
settling section and out over weirs into a peripheral 
launder. This effluent, and the filtrate from the 
vacuum filter, were measured, sampled, and run to 
waste. 

Regeneration Section: The regeneration and wash- 
ing of the resin were conducted countercurrently in 
a modified swinging sieve jig, shown diagrammat- 
ically in Fig. 8. 

A bed of resin 1 to 2 in. deep, just immersed in 
liquid, was held in a wooden sieve trough 8 ft long, 
3 in. wide, 4 in. deep, fitted with a 75 mesh Monel 
screen, and a base attached underneath the screen 
by a rubber diaphragm. The base was held rela- 
tively stationary by tie rods 2 ft long, while the 
trough was hung on parallel radius links 4% in. 
long, inclined from the horizontal. By means of a 
cam drive, the trough was given an upward and 
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backward, downward and forward oscillation of 
1/16 to 3/16 in. at 110 strokes per min, which threw 
the resin bed gradually along the trough, while at 
the same time forcing solution up and down through 
the bed. 

Adjustment of the frequency, amplitude, and the 
angle of the oscillation gave control of the fluidity 
of the bed and of its rate of flow throughout the 
system. 

Soft sponge rubber strips were cemented across 
the diaphragm compartment beneath the screen in 
order to segment it during the expansion stroke, and 
weirs were slotted across the trough just above the 
bed to minimize backmixing in the free liquid zone. 

On reaching the end of the trough, the resin over- 
flowed a weir and fell into a sump, from which it 
was transferred onto a rotary disk vacuum filter by 
a ¥g in. bore airlift. The filtrate was pumped back 
to the airlift well, and the regenerated resin filter 
cake fell into the stripping section. The resin bed 
was maintained at a depth of 1 to 2 in. A 5-normal 
solution of NaCl was metered in at a point 5 ft from 
the resin feed. Wash water was metered in at the 
resin discharge weir, some to compensate for water 
lost with the resin filter cake leaving the regenerat- 
ing unit, the remainder to countercurrently wash 
the brine from the regenerated resin, thus diluting 
the brine to a concentration of 1 to 3-normal. This 
unavoidable dilution limits the regenerating con- 
centration unless solid salt is added direct to the 
unit, which is, however, quite feasible with this 
type of apparatus. 

The product stream, a mixture of CaCl, and NaCl, 
left through a 75 mesh screen built into the end of 
the trough, through a settling trap to collect fines 
from fresh resin, and out through a T-piece which 
controlled the level of the liquid in the jig. It was 
diluted slightly by the water entrained in the resin 
filter cake entering the apparatus. 

When steady state conditions were attained, meas- 
urements were taken of the flow rate and calcium and 
chloride contents of the feed and effluent streams. 
Resin flow rate was determined by collecting, in a 
small filter basket, timed samples from the airlift 
discharge from the regenerator and measuring the 
settled bed volumes in a graduated cylinder. The 
ratio of wet settled bed volume/oven-dried weight 
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Fig. 9—-Ca-Na equilibria curves for Zeocarb 225 are given 
for 1 and 2-normal solution. 
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of resin was determined separately as 52 g per 100 
ml of bed. 

Samples taken from various points in the bed 
were also analyzed from time to time. 

The brine, CaCl, solution, and wash water were 
fed at accurately controlled rates by a tilting cup 
feeding device.” 

Equilibrium Curves—-For the assessment of the 
efficiency of the apparatus, it was necessary to de- 
termine the relevant Ca-Na equilibria on the resin 
used. Weighed quantities of calcium resin were 
equilibrated with various volumes of NaCl solution 
of the requisite concentration. The resin was filtered 
off and washed. The filtrate was made up to volume 
with wash water and analyzed for calcium content 
by titration with sodium ethylenediaminetetra- 
acetate. The resin compositions were calculated by 
mass balance. The curve was completed by equili- 
brating sodium resin with CaCl, solutions. 


Table II. Continuous Stripping of Calcium by a Single Stage 
Semifluidized Bed of lon Exchange Resin 


Stripping Section 
1 


Experimental run No. 9 10 
Liquid flow rate, imperial gal 185 100 100 

per hr 
CaCle, pet w/v 0.028 0.051 0.050 
CaClz out, pet w/v 0.0083 0.0078 0.0089 
Degree of stripping, pct 70 85 82 

Subsequent Regeneration 

Concentrate, CaCle, pct w/v 3.3 5 8.2 
Apparatus capacity, lb CaCle 0.38 0.41 0.46 


per hr 


Results—The Ca-Na equilibrium curves for Zeo- 
carb 225 in 1 and 2-normal solution are given in 
Fig. 9. The maximum capacity of the resin was 
determined as 4.5 g equivalents per kg oven-dry 
resin. 

Stripping Section: In this series of experiments, 
the stripping section was used merely as a source 
of resin completely saturated with calcium ions, in 
order to facilitate the investigation on the regenera- 
tion section. Consequently it was fed with an excess 
of calcium and limited, for simplicity, to a single 
stage. 

However, in runs 1, 9, and 10, the resin left the 
stripping section incompletely saturated and up to 
85 pct stripping was obtained in this single stage 
contact, as shown in Table II. 

Although no quantitative work has yet been per- 
formed on this stage, some visual observations of 
the effect of pulsation are of interest. 

A 2x1 ft bed, 5 in. deep, of Deacidite FF of 1.1 


t An anion exchange resin supplied by Permutit Co. Ltd., London. 


sp gr, was treated with a rising flow of water at 
1 gal per sq ft per min. The bed was highly turbu- 
lent with gross “boiling” at three or four points. On 
applying a pulsation of 3/16 in. at 110 strokes per 
min to the rising water, the bed smoothed out to a 
typical teetering condition and flow was even through 
the whole area of the bed. At a flow of 3 gal per 
sq ft per min without pulsation, the bed erupted 
violently at one point, the remainder of the bed 
being tightly packed, so that all the flow passed 
through one portion of the bed only. On applying 
the pulsation, an evenly fluidized bed was produced, 
in which numerous small boiling points were dis- 
tributed over the whole area. 

Regeneration Section: Some typical results are 
given in Tables III, IV, and V. Results for all the 
runs were correlated by calculating the values of 
the mass transfer coefficient (k»S) in gram equiv- 
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Fig. 10—Experimental values of kpS were plotted against 
relative flow rate of liquid and solid. 


alents exchanged per hour per kilogram of resin 
(oven-dry) per normality difference in concentra- 
tion, see I. “‘Theoretical Operating Behavior of Con- 
tinuous Ion Exchange Stripping System.” From the 
measured composition of the product stream (C/C,)., 
the known composition of the resin feed (q/a = 
1.0), and.the ratio VC,/Ra, the operating line for 
each run was plotted over the appropriate equili- 
brium curve, the number of theoretical stages stepped 
off graphically, and Eq. 1 used to calculate k,S. 
These values were approximate, since the whole 
weight of the bed, including the rinse section, was 
used for the value of W. 

On plotting these values of k,S against various 
operating variables, approximate inverse relation- 
ships were obtained with resin flow rate (R) for 
each of the three sets of runs when the liquid veloc- 
ity (V) was relatively constant. This demonstrates 
that there was insufficient movement of liquid up 
and down the bed, i.e., there was more time for the 
liquid to contact the whole depth of the bed in each 
section when the bed was moving slowly. The effect 
of slow diffusion in the solid would accentuate this. 

When the values of k»S were plotted against V/R 
(Fig. 10), the three series were reduced to a single 
approximate proportional relationship. This influ- 
ence of the factor V showed that there was a degree 
of backmixing in the diaphragm compartment 
which upset the countercurrent pattern of a slow 
liquid flow but had a proportionately smaller effect 
on a fast flow. 

These defects were observed visually by tracer 
solutions but could not be overcome without re- 
designing the apparatus. The particular assembly 


Table III. Results of Regeneration Section” 
Run No. 


Regenerant flow, g equiva- 


lents per hr VCo yal 
Resin Aow ake per hr R 4.7 0.87 3.7 1.87 1.62 1.59 5.3 
Effluent concentration, g 

Cat+ recovered, g equiva- 

lents per hr : 3.1 2.8 40 4.0 36 3.6 3.2 
Initial resin loading (q/a)1 0.82 0.97 1.0 1.0 1.0 1.0 1.0 
Final resin loading (q/a)2 0.67 0.25 0.72 0.52 0.51 0.50 0.86 
NTS 3 6 2 8 5 5 2 


kpS 


*W = 3.5 kg oven-dry resin. 
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Table IV. Results of Regeneration Section* 


Run No. 


Regenerant flow, g 


equivalents per hr VCo 21:9) 22.0) 
Resin flow, kg per hr R 4.84) 3:12) 7,95" 9.35 7.55) 
Effluent concentration, g 

equivalents per liter Co 2.5 2.8 2.8 8 2.8 2.9 
Fraction as Cat+, pet ¥ 51 38 51 54 57 1 
Ca++ recovered, g equiva- 

__lents per hr E 10.6 
Initial resin loading (q/a)1 1.0 1.0 1.0 1.0 1.0 1.0 
Final resin loading (q/a)2 0.51 0.39 0.65 0.75 0.63 0.75 
NTS 2 1.5 algal ileal 1.5 1.0 


* W = 3.5 kg oven-dry resin. 


of cranks and links would not allow a crank angle 
less than 19° from the horizontal; and at the angles 
used (19° to 50°), a vertical amplitude which gave 
satisfactory vertical mixing had a horizontal com- 
ponent which threw the bed faster than was re- 
quired for the experiments. More positive partition- 
ing of the diaphragm compartment would be neces- 
sary. In view of this, no closer correlation, incor- 
porating the other variables, was attempted. 

The maximum utilization of regenerant recorded 
was 90 pct at a capacity of 3.2 g equivalents per hr. 
Under the best regeneration conditions attempted, 
the resin left the regenerator still containing 30 pct 
of its original calcium. The highest number of theo- 
retical stages observed was eight. 

The results for each run could be plotted on the 
theoretical charts of Figs. 3 and 4 and fitted all the 
parameters. 


Table V. Results of Regeneration Section* 


Run No. 


34 38 39A 39B 44 45 


Regenerant flow, g 


equivalents per hr VCo hes. 7.2 7.0 7.8 8.0 7.9 
Resin flow, kg per hr R 5.7 5.35 6.0 4.2 1.97 4.74 
Effluent concentration, g 

equivalents per liter Co 1.6 1.9 1.9 1.9 1.9 1.6 
Fraction as Cat+, pct Yi 70 76 78 78 61 73 
Ca++ recovered, g equiva- 

lents per hr 5.1 5.5 5.4 5.6 4.9 5.6 
Initial resin loading (q/a)1 1.0 1.0 1.0 1.0 1.0 1.0 
Final resin loading (q/a)2 0.80 0.77 0.80 0.70 0.44 0.73 


* W = 2.4 kg oven-dry resin. 


Rinse Section: Resin left the regenerator section 
as a filter cake carrying with it 11 to 18 ml of water 
per 100 ml of resin cake. A corresponding volume 
of water was fed to the rinse section to compensate 
for this carry-over; a further amount was fed back 
along the jig to wash brine from the regenerated 
resin. It was found that a counterflow of approxi- 
mately 30 ml of water per 100 ml per min of resin 
bed flow was sufficient to reduce the brine concen- 
tration from 3-normal at the point of brine entry to 
0.05-normal in the end compartment over a length 
of 3 ft. When the flow of rinse water was less than 
this, regenerant was wasted, since a dilute salt solu- 
tion was carried over with the resin. This is exem- 
plified in runs 38, 39A, 39B (Table V), where 8.0 g 
equivalents NaCl were fed to the system, but 0.8 to 
1.0 g equivalents were wasted in this manner. 

General Operation: The system was reliable, 
robust, and extraordinarily easy to operate. It could 
be started up in a few minutes then left unattended 
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Fig. 11—Diagram of 
tower jig demon- 
Manon strates how it could 

be adapted for mul- 
OUT  tistage countercur- 
rent operation by ar- 
ranging a number of 
screens in tower 
form. Liquor flows 
up the tower, pul- 
sated by the dia- 
phragm, the semi- 
fluidized beds of 
resin cascading from 
plate to plate down 


RESIN OUT 


the tower through 
the staggered down- 
comers. 


for hours at a time, except for taking measurements. 
The resin flow rate was easily adjusted from zero to 
more than 9 linear in. per min; on a full scale unit, 
it could readily be controlled automatically to adjust 
for varying feed conditions. After an adjustment 
of flow rates, steady state conditions were attained 
in 2 to 4 hr. 

The bed and screens were readily accessible for 
inspection and cleaning, although the 75 mesh 
screens showed no signs of choking, provided all 
liquid feeds were prestrained. 

There was a small amount of attrition of the 
brittle resin but a prolonged run of the jig by itself 
proved that this was mainly confined to the scrapers 
on the rotary filters. On a large scale, top feed drum 
or band filters with string or air discharge would 
reduce this. 

The mechanical action of a full scale swinging 
sieve jig would be similar to that of the Hancock 
jig, which, built-in sizes up to 30 ft long and 3 ft 
wide, worked well and reliably in the ore dressing 
industry. Such a jig would hold 70 cu ft of resin 
and on a basis of these results would have an ex- 
change performance of the order of 1 ton of metal 
ions per day despite the fact that the overall transfer 
efficiency of this first model, expressed as kpS, was 
approximately one-quarter of that reported by Selke 
for a 1/3 in. diam laboratory column. Although 
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detailed redesign would improve this figure, the 
swinging sieve jig has an inherent weakness in that 
the deeper beds of a full scale apparatus would re- 
quire more positive vertical mixing and more effec- 
tive partitioning under the moving screen in order 
to develop high efficiencies. 

Discussion—The swinging sieve contactor which 
has been evaluated in this series of experiments 
worked reliably, but its efficiency suffered because, 
to some extent, the solid and liquid streams could 
bypass each other. 

A more positive contact is obtained in the upflow 
of a diaphragm jig such as was used as the single 
stage stripping unit in this investigation. This could 
be adapted for multistage countercurrent operation 
by arranging a number of screens in tower form as 
in Fig. 11. The liquor flows up the tower, pulsated 
by the diaphragm, the semifluidized beds of resin 
cascading from plate to plate down the tower 
through the staggered downcomers. A bed of inert 
packing under the lowest screen distributes the 
initial flow. Because of the low turbulence in the 
pulsated and semifluidized bed, all particles have a 
uniform residence time on each plate; and also, 
since the fluidity of the beds can be maintained to 
a considerable extent by the pulsations, resin flow 
can be obtained even when the liquid flow is very 
small. A two stage tower jig of this type has been 
successfully used by the authors as a contactor in a 
partition adsorption process.” 

For larger scale operation, a series of diaphragm 
jigs could be connected end to end in a cascade, as 
shown in Fig. 12, the communication between the 
cells being hmited to a transverse gate within the 
bed. The resin, as a semifluidized bed, flows from 
cell to cell by its own hydrostatic head. The counter- 
current flow of liquid is obtained by feeding it up 
through the last resin cell, then pumping it from 
the clear zones above the bed to the next stages in 
turn, with or without some recycling. The dia- 
phragms themselves could be adapted to act as 
pumps by the use of a simple nonreturn valve. The 
apparatus could be regarded as a multicell Harz- 
type jig, arranged so that the hutch water cycles 
from cell to cell countercurrently to the flow of 
solid, and is obviously simple to adapt from standard 
commercial jigs. 

Since a jig bed is ideal for gravity segregation, any 
change in density of the resin with composition can 
be used to enhance the countercurrent effect by set- 
ting the resin gates at either the top or bottom of 
each bed. 

A further most important advantage of the semi- 
fluidized bed over the normal fixed bed is that it 
will pass a finely divided slurry, provided that the 
resin retaining screen is not choked. This would 
allow, for example, the recovery of an ion direct 
from a finely ground leach pulp, thus eliminating a 
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Fig. 12—Diagram illustrates how, 
for a larger scale operation, a 
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series of diaphragm jigs could be 
connected end to end in a cas- 
cade, the communication between 
the cells being limited to a 
transyerse gate within the bed. 
As a semifluidized bed, the resin 
flows from cell to cell by its own 
hydrostatic head. 
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filtration, or the regeneration of an anion resin by 
a lime slurry. 


Conclusions 


The use of pulsated beds to obtain countercurrent 
movement of ion exchange beds and liquid has been 
demonstrated to be a practical technique and is par- 
ticularly promising for large scale operations. The 
teetering bed has the property that higher density 
resin will segregate to the bottom of the bed and 
also that a slurry will pass through the bed. 

An 8 ft long swinging sieve jig has been evaluated 
and worked reliably in a continuous recovery 
process. A mass transfer coefficient of up to 6 g 
equivalents per hr per kg of resin per normality 
difference in concentration was attained, despite the 
fact that in this particular model there was inade- 
quate vertical mixing of liquid into the bed. 

It is considered that the best type of apparatus for 
full scale multistage contact would be a series of 
standard diaphragm jigs linked end to end. Work on 
the evaluation of these is proceeding. 
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Industrial Engineering 


Technical Note 


On the Loss of Texture in Tapes of a 50 Pct Ni-50 Pct Fe Alloy 


by S. Spachner and W. Rostoker 


N alloy of 50 pct Ni-50 pct Fe is currently manu- 
factured in tape thickness down to 4% mil. In the 
annealed form, this alloy produces an almost square 
hysteresis loop. This has generally been related to 
the fact that by proper rolling and annealing prac- 
tice a sharp cube, (100) [001], texture can be de- 
veloped. As part of a program directed toward an 
understanding of the relationships between mag- 
netic properties and structure of tape core materials, 
analyses, were made of preferred orientations in 
tapes of various thicknesses. 
Annealed tapes of this alloy in 2, 1, 4%, %4, and % 
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mil gages were acquired from commercial sources. 
Pole figures constructed for the 2 and 1 mil tapes 
showed the expected sharp cube texture. However, 
the 44, %4, and % mil annealed tapes showed no evi- 
dence of any preferred orientations. A comparison 
of two transmission patterns is shown in Fig. 1. 

The origin of the absence of texture in the tapes 
of less than 1 mil thickness was explored in some de- 
tail. The basic questions were whether the heat 
treatment for the thinner tapes was wrongly selected, 
whether the initial cold worked textures were dif- 
ferent, or whether the actual thickness of the tape 
exercised some influence on its annealing character- 
istics. Quantities of the five gages of tape were 
acquired in the as-rolled condition just prior to the 
final anneal. 

Pole figures of the cold worked textures were con- 
structed for each of the tapes. Eye estimates of in- 
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a—1 mil tape. 


Fig. 1—Transmission diffraction patterns of annealed tapes of 50 pct Ni-50 pct Fe alloy 


are compared. Cu Ka radiation. 


tensities were used. The (200) pole figures showed 
no significant differences. The (111) pole figures, 
although not corresponding to any single description 
of preferred orientation, were very similar except 
in the regions about the rolling direction. As may be 
seen in Figs. 2 and 3, the thinner tapes showed a 
broader dispersion of (111) poles about the rolling 
direction. It cannot be said whether this observa- 
tion has any deep significance but it is a recorded 
difference. Hu, Sperry, and Beck* observed some- 
what similar differences between the cold rolled tex- 
tures at the surface and in the center of copper strip. 
It might be supposed, therefore, that deviations from 
ideal pure compressional strain in the rolling process 
could be more pronounced in thinner tapes. This 
thought was explored in further experiments. 

At this point, however, it was considered more 
appropriate to investigate the relationship between 
annealed textures and heat treatment. Specimens of 
1 and 42 mil tapes were annealed in pure dry hydro- 
gen over a range of temperatures from 300° to 
1100°C and for times up to 2 hr. One mil tape wili 
recrystallize to a cube temperature on annealing as 
low as 580°C. The sharpness of texture improves 
with the use of higher annealing temperatures. The 
14 mil tape recrystallizes in the temperature range 
580° to 700°C. For all annealing temperatures above 
700°C, the transmission diffraction patterns showed 
only a random orientation. For annealing tempera- 
tures between 580° and 700°C, patterns indicated a 
mixture of the cold rolled and randomly recrystal- 
lized grain structures. Thus, it seems that the an- 
nealed cube texture cannot be developed in % mil 
tapes by any manner of heat treatment, whereas the 
1 mil tape always recrystallizes to the (100) [001] 
annealed texture. 

Specimens of 1 mil and 42 mil tape were chemi- 
cally etched to half thickness and annealed in dry 
hydrogen at 1000°C for 2 hr, this anneal having been 
previously demonstrated as suitable for developing a 
sharp cube texture. The etched 1 mil tape recrys- 
tallized to as sharp a cube texture as it would in the 
unetched state. This indicates that there is no pure 
size effect on recrystallization characteristics. The 
etched 4% mil tape recrystallized to substantially a 
randomly oriented grain aggregate. There was some 
small indication of development of a cube texture. 
Thus if the surface metal is responsible for the unus- 
ual annealing characteristics, its proportionate mag- 
nitude must be significantly greater in the % mil 
than in the 1 mil tape. 

In summary, it has been discovered that there is a 
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mil tape. 


Fig. 2—(111) pole 
figure of 1 mil 
tape as cold rolled. 


Fig. 3—(111) pole 
figure of %4 mil 
tape as cold rolled. 


sharp change in the annealing characteristics of tapes 
of a 50 pct Ni-50 pct Fe alloy between 1 and % mil. 
Above 1 mil a sharp cube texture can be produced; 
below 1 mil no preferred textures of any kind can 
be developed. The occurrence of this effect does not 
seem to be dependent on heat treatment practice. It 
is not due to a size effect on recrystallization. The 
evidence is inconclusive that it is related to the 
structural conditions obtaining in the surface of the 
tape as a result of the complex strain relationships 
developed in the rolling process. Additional diffrac- 
tion studies on permalloy and unalloyed nickel tapes 
(heavily cold rolled and annealed) of less than 1 mil 
thickness also showed an absence of preferred orien- 
tations so that this effect may be more common than 
was first realized. 


1H. Hu, P. R. Sperry, and P. A. Beck: Trans. AIME (1952) 194, 
p. 76; JouRNAL oF METALS (January 1952). 
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Temperature Gradient Zone Melting 


by W. G. Pfann 


Under certain conditions, a molten zone can be made to move through a solid by 
impressing a stationary temperature gradient across the solid. This phenomenon 
can be utilized in fabricating semiconductive devices, growing single crystals, joining, 
boring fine holes in solids, measuring diffusivities in liquids, small scale alloying, and 
purification. Fundamentals and exemplary applications are outlined. 


NEW aspect of the travel of a molten zone 

through a solid is considered in this paper. 
Whereas, in previously described zone melting tech- 
niques,“ zones were usually caused to move by 
changing the position or temperature of a heat 
source, in the present technique a zone is made to 
move by impressing a temperature gradient across 
it. For example, a thin layer of molten Al-Si alloy, 
sandwiched between two silicon slabs having a 
temperature gradient normal to the layer, will 
travel through the hotter slab. One feature of tem- 
perature gradient zone melting, as this technique 
will be called here, is that zones of unusually small 
dimensions can be maintained. This leads to such 
diverse uses as have been listed in the abstract. In 
this paper fundamentals of the movement of a 
molten zone in a temperature gradient, and some 
practical applications thereof, are outlined. 


Assumptions 


The movement of a molten zone through a solid 
body of solvent substance in which a temperature 
gradient exists will be discussed. The length of the 
zone will be its dimension in the direction of motion. 
The direction of the temperature gradient will be 
toward the region of higher temperature. To be con- 
sidered is a binary or higher order solute-solvent 
system in which the concentration of solute in the 
molten zone is sufficient to produce a lowering of the 
freezing temperature of the solvent which is at least 
of the order of the temperature range impressed on 
the charge. While we discuss primarily molten 
zones in a solid matrix, the principles are applicable 
to solid or vaporous zones in a solid matrix, a re- 
quirement being that the diffusivity in the zone be 
substantially greater than in the matrix. Diffusion 
of solute into the surrounding solid will be assumed 
negligible. In general, its presence will not basically 
alter the conclusions to be drawn. 

For illustration, a system represented by the par- 
tial constitutional diagram of Fig. la will be dis- 
cussed, in which k, the distribution coefficient de- 
fined in the figure, is constant and less than unity. 
However, the technique is applicable to any solute- 
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SOLID SOLID (A) 
MOLTEN 
(A+B) 


Fig. 1—Temperature gradient zone melting scheme shows: 
a—portion of phase diagram, b—temperature gradient in 
system, and c—physical system comprising molten zone con- 
taining A and B trayeling through solid A. 


solvent system in which one component lowers the 
melting point of another component. 


Movement of a Molten Zone in a Temperature Gradient 

Consider, in the system AB of Fig. 1, where B is 
designated the solute and A the solvent, the effect of 
sandwiching a thin layer of solid B between blocks 
of solid A and placing the whole in a temperature 
gradient such that the temperature of the layer is 
above the lowest melting temperature of the system. 
Surrounded by an excess of A, the layer will dissolve 
A, becoming molten, and expand in length.* As so- 


* While this wording may seem to suggest that, in the zone, A is 
the solute, the author will nevertheless hold to the convention 
stated previously that A is the solvent, wherever the term solute or 
solvent is used. 


lution of A continues, at both interfaces, the mean 
solute concentration in the zone will move to the 
right in Fig. la, until at temperature T, the liquid at 
the cooler interface reaches the liquidus concentra- 
tion C,. Solution of A thereupon ceases because the 
liquid T, is saturated with A. The liquid at the hot- 
ter end of the zone, being at temperature T., is not 
saturated with A at concentration C,. Hence solution 
of A continues there and concentration C, is ap- 
proached. A concentration gradient therefore is set 
up in the zone, causing A to diffuse toward the cool 
end and B toward the hot end. As a result, the liquid 
at the cool interface becomes supersaturated and a 
layer of crystalline A containing concentration kC, 
of B in solid solution freezes. Since a source of A 


SEPTEMBER 1955, JOURNAL OF METALS—961 


This page of Metals Transactions AIME follows p. 922. The inter- 
vening non-Transactions pages appeared in the Journal of Metals. 


Ta 
Sf ia 
Jf 
| kc, 4] | 
| 
<— CONC. OF B A Fe 
| 


TEMPERATURE 


Fig. 2—Sketch shows short temperature gradient produced 
by heaters at temperatures T: and Ts. 


exists at the hot end and a sink for A at the cool end 
of the zone, diffusion of A through the zone con- 
tinues and as a result the molten zone travels 
through the solid in the direction of increasing tem- 
perature. 

Length of Zone: As the zone travels through the 
temperature gradient, its mean composition follows 
the liquidus and its length I is influenced by two 
opposed effects: 

1—Its solubility for A increases as it moves up the 
liquidus. This effect tends to increase |. The tendency 
for increase in | will be small if the slope of the liq- 
uidus, dT/dC, is large and if the concentration of A 
in the zone is. small. 

2—Its content of B decreases through loss of B in 
the frozen solid, and hence the amount of A which 
it can dissolve tends to decrease. This effect tends to 

s The tendency for decrease in | will be 

solubility of B in solid A is small. 
may increase or decrease as the zone trav- 
Riis on whether effect 1 or 2 is dominant. 

alent ositional Changes: Consider a molten zone, 
Sener components A and B and traversing a 
1 k of solid A, as in Fig. 1. The main factor deter- 
mining the concentration distribution of B in the 
tr d solid is the temperature range in the block. 
Since the zone advances by climbing along the 
liquidus and since to traverse the block it must trav- 
rse the range of temperature in the block, it follows 
that the range of solute concentration in the trav- 
— wee will be that corresponding to this tem- 
I re range on the liquidus multiphed by k. 
noes smaller temperature gradient, that is, smaller 
range of temperature in a given block, results in a 
re uniform solute concentration. However, at 
maller temperature gradient, the rate of zone travel 
w il be lower as well and hence, with this particular 
scheme, 2 compromise between uniformity and 
speed may be necessary. 

Chan ges in composition of the zone of Fig. 1 are 
related to changes in zone length in a way which 
may be seen as follows: If, as the zone advances, it 
enters regions of higher temperature, then the con- 
centration of B in the traversed solid Cz, must de- 

ase, as is evident from the phase diagram. In 
such a case, the zone length | may increase, remain 

2 it, or even decrease. On the other hand, if the 

ne advances at constant temperature—and ae is 
hown su eeeeny that this is possible—C, must 
i nstant, even though B is steadily being Tost 

ne. This is accomplished by a reduction in 
uch a rate as to maintain constant concen- 
1 in the zone. This action is quite analogous to 
the Scratched described in ref. 1 of decreasing 1 at a 
rate to maintain uniformity of solute concen- 


small if the 
In 
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Fig. 3—Diagram il- 
lustrates molten zone 
of rectangular cross- 
section traversing a 
solid in the direction 
of the temperature 
gradient. 


TEMPERATURE GRADIENT 


tration in a charge of pure solvent being traversed 
by a zone containing solute. A feature of tempera- 
ture gradient zone melting is that such reduction in 
l occurs automatically and can in practice be carried 
0! 

One reason for sweeping a zone through a solid is 
to distribute solute in the latter. The desired solute 
may be a major component of the zone, as B in the 
system AB used for illustration, or it may be an ad- 
ditional minor constituent C, such as a donor or ac- 
ceptor element desired in a semiconductor. In the 
latter case, the starting charge could be an alloy of 
B and C or of A, B, and C. Here B could serve prin- 
cipally as a carrier, producing a molten zone from 
which C would be distributed. 

Rate of Travel of Zone: The main factors influenc- 
ing the rate of travel of the zone are: the tempera- 
ture gradient dT/dz, the slope of the liquidus dT/dC, 
and the diffusivity D in the liquid. High travel rate 
is favored by large dT/dx and D, small dT/dC. The 
heat of fusion and the thermal conductivity will, in 
certain cases, affect the rate by their influence on the 
temperature gradient in the zone. If these quantities 
are large, the travel rate will tend to be low. 

The way in which the temperature gradient is 
impressed on the zone can appreciably affect the 
travel rate. Consider a short temperature gradient, 
produced by external moving heaters with a molten 
zone in the gradient, as in Fig. 2. The zone, in such 
a situation, would move to the right, eventually stop- 
ping at the shoulder of the curve at T.. If, while the 
zone is moving, the temperature gradient is dis- 
placed to the right as shown by the dashed curve, 
then the composition of the zone would rise less rap- 
idly along the liquidus than would be normal for a 
stationary gradient. In principle, the zone could be 
held at one temperature for its entire travel distance. 
This technique has. the following important feature: 
It permits traversal of a charge at the high rate cor- 
responding to a high temperature gradient, while at 
the same time permitting the low variation in con- 
centration typical of a low temperature gradient. 

Another means of producing the desired displace- 
ment of a temperature gradient is to lower the mean 
temperature of the system as the zone advances. 

Shape of Zone: Consider a molten zone of more 
or less rectangular cross-section, thin in the direc- 
tion of motion and moving through a solid charge 
of cross-section greater than that of the zone, as 
shown in Fig. 3. As the zone travels, surface tension 
of the hquid will tend to make it spherical, while 
crystalline anisotropy will tend to make it lie along 
certain planes or directions. Lattice defects such as 
grain boundaries or dislocations may tend to cause 
e to move faster at such defects or spread along 
them. 
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In general, however, despite these forces, the 
shape of the zone will tend to remain the same in a 
uniform temperature gradient because the tempera- 
ture gradient has a stabilizing effect on zone shape. 
In order for the zone to change its shape, parts of 
its boundary must move with respect to others. But 
the zone is essentially saturated at its sides and tends 
to be stable there and can move its forward and rear 
interfaces in but one direction: the direction of the 
temperature gradient. As a result of this stability of 
form, a very thin molten zone, of the order of 107° 
cm or less in length and of the order of 1 cm? or 
more in area, can be made to travel many zone 
lengths without major change in form. 

If the temperature gradient is not uniform (lines 
of heat flow being nonparallel), a flat zone like that 
of Fig. 2 will be unstable and will tend to break up 
or elongate. Practical implications of this are: 1— 
if a flat zone is wanted, the temperature gradient 
should be uniform and 2—by using diverging lines 
of heat flow, a zone of very small lateral dimensions 
can be produced as a zone in such a temperature field 
will tend to elongate and to contract laterally. 


Applications 


Semiconductive Devices: Temperature gradient 
zone melting makes possible a new approach to the 
fabrication of semiconductive devices such as diodes 
and transistors. It has certain advantages over exist- 
ing techniques in producing conventional designs 
and it makes possible new designs involving com- 
plex p-n junction shapes. 

A large area p-n junction which was made by 
sandwiching an 0.005 in. sheet of aluminum between 
two 0.1 in. blocks of silicon and placing the whole in 
a temperature gradient is shown in Fig. 4. The alloy 
layer has traveled most of the way through the 
upper block, depositing behind it single crystal p- 
type silicon having the orientation of the lower n- 
type block which served as a seed. The freezing of 
the Si-Al eutectic has resulted in a partial break-up 
of the originally continuous zone and has cracked 
the neighboring silicon. A feature of the tempera- 
ture gradient technique is that thicker layers can be 
grown than in the usual alloy technique”*® and hence 
that solidification strains occur far from the p-n 
junction, where they are much less harmful. In 
practice the zone can be swept to the outer surface 
of the block, where it can either be removed or used 
as an electrical connection to the swept region. 

Line or dot zones, small in one or two lateral di- 
mensions, respectively, can be swept through a block 
without major change of form. By this means, a thin 
p-type layer or thin p-type rods or lines can be 


Fig. 4—Large area p-n junction was produced by sweeping an 
aluminum-rich zone through upper silicon slab. Original magnifica- 
tion, X8. Area reduced approximately 35 pct for reproduction. 
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produced in an n-type block. Fig. 5 is a cross-section 
of a p-type layer about 0.006 in. thick produced by 
sweeping an aluminum line zone through a block of 
n-type germanium. Penetration rates for aluminum- 
rich line zones traveling through germanium were 
about 1.5 mm per hr at a temperature gradient of 
about 100°C per cm. 

It has been observed that if the zone is small, 
~0.003 in. in one or more lateral dimensions as in 
Fig. 5, the crystal orientation of the block being 
traversed prevails, even if a seed of different orien- 
tation is used. This self-seeding feature is desirable 
in making n-p-n junctions because it eliminates 
grain boundaries which would tend to impair the 
electrical properties of the junction. It should be 
noted that the p-n barrier forms at the side of a line 
zone, in contrast to the large area barrier of Fig. 4 
which formed for the most part at the initial loca- 
tion of an area zone. 

A line or dot zone need not travel through a block; 
it may traverse its surface as well if the tempera- 
ture gradient is imposed parallel to or slightly away 
from the surface. By this means, p-n junctions par- 
allel to a surface can be produced. 

A coating of complex shape can be deposited on 
the surface of a block and then swept through the 
block, normal to the surface, to produce internal 
p-n or n-p-n barriers of corresponding form. 

Molten zones will follow the direction of maxi- 
mum temperature gradient quite faithfully. By 
changing the direction of the gradient as a zone 
travels, it can be made to follow a complex path. 

Single Crystals: From the foregoing it is clear 
that temperature gradient zone melting can be used 
to grow a single crystal; and, in fact, temperature 
gradient techniques, using much larger volumes of 
liquid, have been reported.’ Use of a short large 
area molten zone for this purpose has a number of 
advantages, among which are: 

1—The apparatus is simple and has no moving 
parts and even the temperature need not be altered. 

2—The volume of liquid is so small that a con- 
tainer is unnecessary and contamination and nuclea- 
tion therefrom are avoided. 

3—Since the volume of liquid is small, since the 
temperature drop in the liquid is small, and since 
stirring and convection are absent, the probability 
of spontaneous nucleation is minimized. 

On the other hand, a foreign substance will be 
present in solid solution—although innocuous ones 
can be used—and excessive temperature gradients 
can cause strains. 

Joining: The method of Fig. 4 may be regarded as 
a joining method in which the molten zone acts as 


Fig. 5—Thin p-type layer was produced by sweeping an aluminum 
line zone through an n-type germanium block. Cross-section was 
perpendicular to line zone. Original magnification, X75. Area 
reduced approximately 35 pct for reproduction. 
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a solder to join the two blocks but, unlike conven- 
tional solder layers, then migrates through one of 
the blocks so it can be removed. By this means 
mechanical, chemical, thermal, or electrical weak- 
nesses of soldered joints can be eliminated. It should 
be remembered, however, that a solid solution of 
the zone solute will be left in the traversed block. 

Extremely thin layers can be moved. For exam- 
ple, fractional mil layers of gold can be moved 
through a 100 mil slab of germanium by the tem- 
perature gradient technique. 

Measurement of Diffusivities in Liquids: It was 
pointed out by Reiss® that, since convection is neg- 
ligible in these thin layers, transport occurs entirely 
by diffusion and hence the temperature gradient 
technique provides a method of measuring diffusivi- 
ties in liquids. The flux F of a diffusing component— 
for example, silicon diffusing through a thin alumi- 
num-rich layer-—may be written as the sum of two 
terms. One is 1 chemical term, proportional to the 
concentration gradient in the layer; the other is a 
thermal term, proportional to the temperature gra- 
dient and the concentration in the layer. The flux is 
readily obtained by measuring the travel rate of the 
layer. The concentration gradient, dC/dX, may be 
written as (dC/dT) (dT/dX), where dC/dT is ob- 
tainable from the slope of the liquidus and dT/dX is 
obtainable from the applied temperature gradient 
and the ratio of thermal conductivities of liquid and 
solid, which must be known or measured. While the 
process occurs over a range of temperature and con- 
centration, these ranges can be small so that a con- 
dition of constant temperature and concentration 
can be closely approached. There is little basis the- 
oretically for predicting whether thermal diffusion 
will aid or oppose chemical diffusion, although cal- 
culations based on published thermal diffusion co- 
efficients’ indicate that the thermal term should be 
relatively small, of the order of a few percent of the 
chemical term. It is intended to treat this problem 
more fully in a later publication. However, data ob- 
tained by Wernick” on the movement of gold and 
aluminum-rich zones through germanium and sili- 
con give diffusivities D in the 10° cm* sec* range 
when D is calculated from F = D (dC/dX), which 
neglects thermal diffusion. 

Zone Refining: The temperature gradient tech- 
nique can be used to advantage as a means of zone 
refining. One or a series of short large area zones 
can be swept through a solid charge to remove un- 
desired impurities (which are not necessarily solu- 
ble in the charge). Thin layers of solute substance 
can be stacked between thin layers of charge at the 
cool end of a temperature gradient and then swept 
through the remainder of the charge. Representa- 
tive travel rates may be a few millimeters per hour 
in a temperature gradient of the order of 50°C per 
em. A series of different solutes, chosen for their 
selective actions on certain impurities, may be used. 
The choice of a solute is dictated by the need that it 
be but slightly soluble in, harmless to, or readily 
removable from the charge substance. Short zone 


length 1 and short interzone spacing d which are 
desirable in zone refining are readily attained with 
the temperature gradient technique. The method 
can be used to remove insoluble particles, such as 
eutectic, from an alloy. By heating it above the 
eutectic temperature in a temperature gradient, the 
particles will be caused to form dot zones which will 
migrate to the hottest surface. 

Miscellaneous Fabrication Techniques: By ad- 
vancing into a block a wire zone extending entirely 
through the block and then blowing out the molten 
material, an extremely fine hole can be produced. 
By heating a plated wire by I’R heat and simulta- 
neously cooling it, a radial temperature gradient 
will be set up which can cause the plated material, 
if properly chosen, to migrate to the wire axis. In 
general, a surface layer can be caused to move to the 
interior or to another part of the surface of a solid 
body. 

Summary 

The simplicity of the temperature gradient idea, 
the variety of its possible applications, and the fact 
that it does not appear to have been exploited, lead 
to the conclusion that it will be utilized in several 
fields of technology. While it has been discussed 
here in somewhat idealized fashion, sufficient ex- 
perimentation has been done to demonstrate the 
validity of the basic ideas. 
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In the May 1955 issue: TP 4001E. Discussion by J. F. Brown and B. J. Connolly of 475°C (885°F) Em- 
brittlement in Stainless Steels by A J. Lena and M. F. Hawkes. On pp. 691 and 692 of the text and on p. 
692 in the title of Table IV and the captions for Figs. 16 and 17, the alloy composition should read “18 pct 
Cr-10 pet Ni-3 pet Mo-0.5 pet Ti,” not “18 pet Mo-10 pct Ti Cr-Ni” as printed. 
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Phase Equilibria in the System FeO-Fe.0,-SiO, 


by Arnulf Muan 


___ Liquidus data are presented for mixtures in the ternary system FeO-Fe.0;-SiO» 
in equilibrium with a gas phase with O, pressures ranging from 10°’ to 1 atm. Data 
obtained are combined with previously published data to construct lines of equal O, 
pressures and lines of equal CO./H2 mixing ratios along the liquidus surface. Courses 
of crystallization of selected mixtures under conditions of constant total composi- 
tion, constant O. pressures, and constant CO./H. mixing ratios are discussed. 


equilibrium studies of silicate systems 
where iron is one component are complicated by 
the fact that iron readily occurs in three different 
states of oxidation: Fe*, Fe*, and Fe°®. Success or 
failure in work with iron silicate systems is to a 
large extent dependent on control of the oxidation 
state of iron and all investigations therefore must 
be carried out under carefully controlled atmos- 
pheric conditions. Silicate systems containing only 
strongly electropositive metals (like Na*, Ca*, Mg”, 
etc.) can, for simplicity, be treated as condensed 
systems, that is, the gas phase can be neglected and 
the phase relationships discussed in terms of the 
phase rule written in the well known simplified 
form P + F = C + 1. In the case of iron silicate 
systems, however, the composition of the condensed 
phases varies with the gas composition, and a com- 
plete picture of phase relationships can be obtained 
only by varying the gas composition over a wide 
range. 

In order to understand the phase relationships in 
the more complicated multicomponent silicate sys- 
tems with iron oxide as one of the constituents, a 
knowledge of the ternary system FeO-Fe,O,;-SiO, is 
essential, since it constitutes a bounding portion of 
all such systems. It was with this in mind that the 
present study was undertaken. 


Previous Work 
A considerable amount of work has been done on 
various aspects of the chemistry and metallurgy of 
systems containing silica and iron oxides. The two 
bounding binary systems FeO-Fe.O, and FeO-SiO,* 


* The system FeO-SiOz can be pictured as a binary system only 
when the small but inevitable amount of trivalent iron in the melt 
is neglected. 
have been worked out in detail, but no complete in- 
vestigation of the phase relationships of the ternary 
system FeO-Fe.O,-SiO, has been reported. 

Darken and Gurry”’ investigated phase relation- 
ships for the system FeO-Fe.O,, including a study of 
the variation in the composition of liquid and solid 
phases as a function of temperature and O, pressure. 
Bowen and Schairer’® adapted the quenching tech- 
nique to the study of iron silicate systems under 
reducing’ conditions, making the runs in iron cru- 
cibles in an inert atmosphere. The first system to be 
studied with this technique was FeO-SiO.. 


A. MUAN, Member AIME, is Research Associate, College of 
Mineral Industries, The Pennsylvania State University, University 
Park, Pa. 

’ Discussion of this paper, TP 3985CD, may be sent, 2 copies, to 
AIME by Nov. 1, 1955. Manuscript, July 26, 1954. Chicago Meet- 
ing, February 1955. 
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The first attempt to obtain information on phase 
relationships of iron oxide-SiO, mixtures at dif- 
ferent O, pressures was made by Greig.* Darken® 
determined the melting points of iron oxide on solid 
silica under various atmospheric conditions. Darken 
did not determine experimentally the composition 
of the melts at liquidus temperatures but discussed 
very ably the principles involved in applying the 
phase rule to the system. 

In a recent study Schuhmann, Powell, and Michal’ 
determined experimentally the liquidus surface of 
a portion of the ternary system and combined the 
new information with data in the literature to con- 
struct a phase diagram. Their method was briefly 
as follows: 

Homogeneous mixtures with various contents of 
SiO., FeO, and Fe.O,; were made up by melting to- 
gether stock mixtures in various proportions. Sam- 
ples of the homogeneous mixtures, the compositions 
of which were determined by chemical analysis, 
were then heated in platinum crucibles in an inert 
atmosphere until equilibrium among the condensed 
phases was achieved. The samples were quenched 
to room temperature and the phases present deter- 
mined by microscopic examination. Assuming that 
no change in composition takes place during the 
equilibration run in inert atmosphere, the liquidus 
surface can be determined, but no information is 
obtained regarding the partial pressures of O, of the 
gas phase in equilibrium with the condensed phases. 

The author’s method, to be described in the next 
section, permitted the location of points at the 
liquidus surface as well as a calculation of the cor- 
responding partial pressures of O,. 


Experimental Method 


General Procedure: The standard quenching tech- 
nique was adapted for a study under controlled 
variable atmospheric conditions. Premelted mix- 
tures of silica and iron oxides in platinum envelopes 
were held at constant temperature under chosen at- 
mospheric conditions until equilibrium was reached 
among solid, liquid, and gas phases. The sample 
was then quenched to room temperature, the phases 
present identified, and, for the most significant runs, 
the composition was determined by chemical analy- 
sis. The corresponding partial pressure of O, was 
calculated from known equilibrium constants of the 
gas reactions occuring in the furnace atmosphere. 

Materials: Starting materials were oxides of com- 
mercially highest available purity; cp silicic acid 
was dehydrated by heating to 1350°C for 6 hr and 
cp Fe,O, was dried at 400°C for the same length of 
time. Samples of 10 g were made up by mixing 
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these materials in required proportions and grind- 
ing under alcohol for 30 min. Each mixture was 
fired twice in a gas-air furnace at about 1650°C for 
1 hr. The platinum crucibles containing the mix- 
tures were essentially saturated with iron under the 
conditions prevailing in the furnace, so that the loss 
of iron oxide to platinum could be kept at a min- 
imum. These mixtures, after grinding to —60 mesh, 
were used for the equilibration runs in the quench 
furnace. In order to make sure that equilibrium 
was achieved in the quench runs, the final state was 
approached from both sides of the equilibrium 
FeO/Fe.O, ratio. For this purpose, some preliminary 
runs were made in which a portion of the material 
from the gas furnace was melted subsequently in 
iron crucibles in a nitrogen atmosphere. When these 
mixtures, containing essentially all the iron in the 
ferrous state, were used as starting material for the 
quench runs, the same results were obtained as 
given previously. 

Control of Atmosphere: The method used for con- 
trolling O, pressures was very similar to that used 
by Darken and Gurry.” * The O, pressure was con- 
trolled in the range from 10°°° to 1 atm in the fol- 
lowing ways: Runs were made at 1 atm O, by lead- 
ing commercial tank oxygen through the furnace. 
Runs at 0.21 atm O, were made in the open furnace 
with air circulating through. Lower O, pressures 
were obtained by mixing CO, and H, in various pro- 
portions. CO, and H, react upon heating according 
to the water gas equation 


CO, + H, = CO + H.O. 
Data for the equilibrium constant 
co X PxH20 
X PH. 


K,= 


of this reaction are available in the literature. The 
partial pressure of O, in the mixture can be calcu- 
lated by combining the foregoing equilibrium equa- 
tion with the equilibrium equation 


X Pos 
Pcos 


Ko == 


for the reaction 
2CO,= 2CO:+ ©; 


the equilibrium constant of which is also available 
in the literature. Numerical values of the constants 
K, and K, used for calculations in the present study 
are:* K,'= 2.08,.2.49, 2.905, and 3:32 at 1100°,1200°, 
1300°, and 1400°C, respectively. K, = 3.98x10-%, 
1300°, and 1400°C, respectively. 

The gases used were of highest commercial qual- 
ity with reported compositions 99.956 pct CO., 0.044 
pet H.O, and approximately 99.8 pct H, and 0.2 pct 
H.O, respectively. Both gases were dried with CaSO, 
(Drierite) before going to the gas mixer. The rate 
of flow of each of the two gases was measured sep- 
arately by two capillary flow meters with bleeder 
tubes on both ends of the capillaries to maintain a 
constant pressure drop. A series of mutually inter- 
changeable capillaries of different openings was at 
hand, so that a wide range of mixing ratios could 
be obtained with manometer readings of convenient 
magnitude. A third manometer was inserted in the 
line to measure the rate of flow of gas through the 
furnace. The flow was adjusted to approximately 
0.15 cu ft per hr, corresponding to a linear flow rate 
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of approximately 1 cm per sec through the furnace 
tube. 

The flow meters were calibrated individually with 
the various capillaries, using a standard wet test 
meter. The method was checked in preliminary 
experiments with conventional gas analysis tech- 
niques (CO, absorbed in a 30 pct solution of KOH 
and H, burned with O.). 

Furnace: The furnace used for the quenching ex- 
periments was a vertical platinum-wound tube fur- 
nace of standard design as far as heating element 
and insulation were concerned. In order to obtain 
reliable control of the atmospheric conditions dur- 
ing the runs, some modifications of the standard 
quenching arrangements were introduced. A gas- 
tight high temperature refractory porcelain tube 
was inserted inside the heating element and pro- 
truded above and below the furnace. The top of the 
tube was sealed by a water-cooled brass head with 
a rubber gasket. The brass head had a central bore 
through which a refractory protection tube could be 
inserted and clamped in gas-tight connection. Two 
identical interchangeable protection tubes were used, 
one for the thermocouple wires and one for the 
platinum quench wires supporting the envelopes 
with the charges. The thermocouple was never kept 
in the furnace simultaneously with the charges. Be- 
fore and after each equilibration experiment, which 
was carried out with the usual quenching technique, 
the thermocouple tube was inserted through the 
brass head bore and the temperature measured. The 
lower end of the furnace tube was closed by a closed 
cup device for quenching in mercury. This device 
could be replaced by a copper block in which sam- 
ples for analysis were quenched. The gas mixture 
was introduced into the furnace from below and 
escaped at the top through a wash bottle containing 
H.SO,. In this way a pressure slightly in excess of 
atmospheric was maintained within the furnace, 
corresponding to the head of the H.SO, in the wash 
bottle, approximately 5mm Hg. The main advan- 
tage of this arrangement is that leaks or irregular- 
ities in the gas mixture line or in the furnace im- 
mediately show up. 

Temperature Control and Measurement: Tem- 
peratures were measured before and after each run 
with a Pt—Pt-10 pct Rh thermocouple which was 
frequently calibrated at melting points defined as 
follows: Au, 1063°C; CaMgSi.O,, 1391.5°C; CaSiO,, 
1544°C. Literature values for temperatures on the 
Geophysical Laboratory scale are used without cor- 
rection up to 1550°C, the upper limit of the original 
scale. Temperatures above 1550°C are adjusted to 
the 1948 International Scale by use of the correction 
data of Corruccini’ and of Sosman.° 


The furnace temperature was controlled by a sec- 
ond thermocouple inserted close to the heating ele- 
ment and connected through compensating lead wires 
to a Celectray controller. The temperature gradient 
at the hot spot did not exceed 1° over 1 in. at 1450°C. 


Identification of Phases: The phases present were 
determined by examination under the microscope, 
using both transmitted light and reflected light. The 
identity of the phases was further confirmed by 
X-ray techniques using Fe-radiation with a Norelco 
X-ray spectrometer unit. The X-ray technique could 
not be used as a means to determine liquidus tem- 
peratures, since the melts, with some exceptions, 
were exceedingly fluid and gave rise to dendritic 
quench crystals even with the fastest quenching of 
small samples in mercury. In polished sections, there 
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was no difficulty in distinguishing primary magnetite 
and primary wiistite from corresponding crystals 
formed during quenching. Tridymite was easily 
identified both in transmitted light as well as in 
reflected light, whereas fayalite was best recognized 
In transmitted light. Some difficulty was experi- 
enced in distinguishing primary from quench- 
formed fayalite, but the former were in all cases 
much larger and better developed than the latter. 


Table |. Composition of Liquid at Various Temperatures and 
Oz Pressures 


Final Composition 


Tempera- Mixing by Anal i 

COz/He Atm FeO Fe203 SiO2 
1201 3.5 10-10 66.6 12.1 21.3 
1198 3.5 10-10 65.8 10.6 23.6 
1198 3.5 10-10 62.9 9.0 28.1 
1200 3.5 10-10 59.0 6.6 34.4 
1200 10.1 10-9 60.4 15.5 24.1 
1199 10.1 10-9 58.4 14.0 27.6 
1198 10.1 10-9 56.0 10.0 34.0 
1301 2.8 10-9 68.2 13.5 18.3 
1296 2.8 10-9 67.0 11.3 21.7 
1298 2.8 10-9 62.8 8.9 28.3 
1298 2.8 10-9 59.7 5.0 35.3 
1298 aD 10-8 63.4 19.1 17.5 
1300 1D) 10-8 61.0 17.4 21.6 
1303 CBS 10-8 60.0 12.2 27.8 
1299 1(A3) 10-8 56.5 9.3 34.2 
1299 23.6 10-7 56.0 21.8 22.2 
1301 23.6 10-7 55.0 17.0 34.0 
1306 23.6 10-7 52.1 13.9 34.0 
1403 20.2 10-6 59.0 32.0 9.0 
1404 20.2 10-6 56,8 21.4 21.8 
1399 20.2 10-6 53.4 18.2 28.4 
1401 20.2 10-6 52.0 13.1 34.9 
1398 65 10-5 48.9 28.7 22.4 
1401 65 10-5 48.8 23.0 28.2 
1400 65 10-5 46.9 18.6 34.5 


Method of Chemical Analysis: Due to reaction 
between the platinum envelopes and the melts, it 
was necessary to determine by chemical analyses 
the total amount of iron oxides as well as the ratio 
FeO/Fe.O, for critical runs. No analysis for plati- 
num in the melts was made, but Darken and Gurry* 
found that negligible amounts of platinum dis- 
solved in iron oxide melts under conditions similar 
to the present. The loss of iron due to alloying with 
the platinum envelope, which increases with de- 
creasing O, pressures, did not prevent equilibrium 
from being reached in the melts under study. It was 
found that the platinum envelopes were saturated 
with iron with respect to the melts after a period 
of 2 to 5 hr, whereas the FeO/Fe.O, equilibrium in 
the melt is established in 1 to 2 hr. In order to 
make sure that equilibrium was achieved, the runs 
were kept in the furnace for a period of 8 to 12 hr. 

Before analysis, the samples were crushed in a 
Plattner mortar to pass a 100 mesh screen. For the 
determination of divalent iron, 0.1 to 0.2 g samples 
were heated to boiling in 20 ml 1:3 H.SO, in a cov- 
ered platinum crucible. When steam evolved, 5 ml 
HF was added and the solution allowed to boil 
slowly for 5 to 10 min. The crucible was then 
plunged into a 600 ml beaker containing 5 pct H,SO, 
saturated with boric acid, and the solution was ti- 
trated with 0.05-normal KMnO,. Total iron content 
was determined by dissolving 0.1 to 0.2 g samples 
in 20 ml 1:3 H.SO, and 5 ml HF in a large platinum 
dish and heating on a hot plate until all HF was 
driven off. The dish was cooled, the contents diluted 
and reduced by running it through a Jones’ reductor, 
and then titrated with 0.05-normal KMnO,. The 
trivalent iron was calculated as the difference be- 
‘tween total iron and divalent iron. 

Two uncertainty factors are involved in the anal- 
yses: In a large number of cases it was found diffi- 
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cult to separate the samples from the thin platinum 
foil of the envelopes. Careful grinding and screen- 
ing of the samples helped considerably, but traces of 
platinum remained in a number of samples. This 
undissolved platinum was filtered off, dried, weighed, 
and subtracted from the original weight of the 
sample. Since the platinum contained some unknown 
amount of iron picked up from the sample during 
the run, this introduces an uncertainty in the ana- 
lytical results. As previously mentioned, it was 
practically impossible to prevent dendritic crystals 
from forming even with the fastest quenching. This 
process could conceivably, at the same time, change 
to some extent the ratio between divalent and tri- 
valent iron. In a series of preliminary tests, how- 
ever, it was established that rate of quenching did 
not significantly affect composition as long as the 
samples were quenched in the equilibrium atmos- 
phere. Similarly, Darken and Gurry found’ that the 
effect of rate of quenching on composition was 
slight in their experiments at low oxygen pressures. 
Since it is difficult to remove all traces of mercury 
from a sample quenched in this medium, quenching 
the samples for analysis in a copper block attached 
to the bottom of the furnace tube was preferred. 


Results 

As pointed out previously, the composition of the 
condensed phases is a function of the gas composi- 
tion in the system under study. Thereby one vari- 
able in addition to those dealt with in most dry 
ternary silicate systems is introduced. This com- 
plicating factor has to be taken into account when 
the plan of attack is made up for obtaining the 
necessary data to construct the diagram, and it has 
to be kept in mind in presenting the results. 

Although the determination of liquidus tempera- 
tures for different compositions within the ternary 
system was the primary object of this investigation, 
it was thought desirable first to obtain more infor- 
mation regarding the ratios between FeO and Fe.O, 
in homogeneous melts above the liquidus tempera- 
ture as a function of temperature and O, pressure. 
With such data at hand, it is possible to attain a 
desired composition in the system FeO-Fe,O,-SiO.,, 
and the phase studies can be made in a systematic 
manner. A study was therefore made of the com- 
position of melts in equilibrium with gas phase at 
O, pressures of 10 to 10° atm at 1200°, 1300°, and 
1400°C. The results of these experiments are given 
in Table I and illustrated in Figs. 1, 2, and 3. In 
each of the diagrams, a light line encloses the area 
in which all compositions are one homogeneous 
liquid at the temperature represented by the dia- 
gram. Circles represent composition of mixtures 
studied and heavy lines are O, isobars. At these 
temperatures, experiments were not run at lower 
O, pressures than those shown because the increas- 
ingly high escaping tendency of iron made difficult 
the attainment of equilibrium. These curves, com- 
bined with data available in the literature, give a 
reasonably complete picture of the composition of 
the melts as a function of temperature and O, pres- 
sure and serve as a guide for the main part of the 
investigation, the phase equilibrium studies. 

In ordinary dry phase diagram work, the pro- 
cedure consists in keeping all independent variables 
constant except one, namely, the temperature. In 
other words, the total pressure is kept constant, the 
total composition is kept constant, and the change 
in phase assemblages caused by a change in tem- 
perature is observed. In the present system, how- 
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Fig. 1—Diagram of a part of the system FeO-Fe:0;-SiO2 is 
shown to illustrate relationship of liquid and gas composi- 
tions in equilibrium at 1200°C. Compositions in the area en- 
closed by the light line are completely liquid at 1200°C. Cir- 
cles represent the compositions, as shown by analysis, of liquids 
in equilibrium with a gas phase at Os pressures of 10° and 
10° atm. Heavy lines approximately passing through the 
circles are Oz isobars. 
$i 02 
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Fig. 2—Diagram of a part of the system FeO-Fe20;-SiOz2 is 
given to illustrate relationship of liquid and gas compositions 
in equilibrium at 1300°C. Compositions in the area enclosed 
by the light line are completely liquid at 1300°C. Circles 
represent the compositions, as shown by analysis, of liquids in 
equilibrium with a gas phase at Os: pressures of 10°, 10°°, 
and 10“ atm. Heavy lines approximately passing through the 
circles are Oz isobars. 


ever, the situation is more complicated because the 
ratio FeO/Fe.O,, and thus the total composition of 
a mixture, varies with temperature, partial pres- 
sure of O., and silica content. At temperatures above 
the liquidus where only one phase is present, the 
silica content remains constant for a chosen starting 
mixture, neglecting the slight change in composi- 
tion caused by removal of iron by the platinum of 
the envelope. The ideal procedure would then be, 
when approaching the liquidus surface from the 
high temperature side (one liquid phase), to change 
the O, pressure in steps together with the stepwise 
change in temperature in such a way that the com- 
position of the liquid remains constant. When work- 
ing in an open system, this would require a de- 
tailed knowledge of the variation in composition of 
the melt as a function of temperature and O, pres- 
sure and, even with such information at hand, the 
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Fig. 3—Diagram of a part of the system FeO-Fe:O3-SiOz is 
shown to illustrate relationship of liquid and gas compositions 
in equilibrium at 1400°C. Compositions in the area enclosed 
by the light line are completely liquid at 1400°C. Circles 
represent the compositions, as shown by analysis, of liquids 
in equilibrium with a gas phase at Oz pressures of 10° and 
10° atm. Heavy lines approximately passing through the 
circles are Oz isobars. 


method would be very impractical. When working 
in a closed system and also in an open system with 
inert atmosphere and charges of high FeO/Fe.O; 
ratio, the constancy of total composition is theo- 
retically closely obtained. However, no crucible 
material has been found which does not react with 
the iron-silicate melt and, therefore, the ideal con- 
dition of constancy of composition is not realized in 
practice. 

The second possible procedure is to keep the Q, 
pressure constant while lowering the temperature. 
This method is the one actually used in the case of 
runs in air or at 1 atm O.,. 

At low O, pressures, where the desired atmos- 
phere was obtained by mixing CO, and H,, the same 
procedure would be possible but not very practical, 
since the mixing ratio of the two gases would have 
to be adjusted every time the temperature is changed. 
In the case of runs made at low O, pressures, it was 
therefore found more practical to keep the CO./H, 
ratio constant at all temperatures for each mixture. 
The determination of the temperatures along the 
boundary curves silica-fayalite and fayalite-wiustite 
is most easily accomplished when, during crystal- 
lization of the solid phases, the composition of the 
liquid moves along a path perpendicular to the 
boundary curve.» This is approximately the case 
when mixing ratio CO./H, is kept constant but not 
when O, pressure is kept constant. For these rea- 
sons, all of the quenching experiments for a par- 
ticular mixture were made at constant ratio CO./H,. 

The results of the quenching experiments are 
given in Table II and drawn in Fig. 4, the phase dia- 
gram constructed by combining data of the present 
investigation with data published by various other 
investigators. The join FeO-Fe.O, was constructed 
from data of Darken and Gurry.” * The construction 
of the boundary curves iron-wiistite, iron-fayalite, 
and iron-silica was based mainly on the data of 
Bowen and Schairer® for the system FeO-SiO,. In 
the low silica portion of the boundary curve iron- 
wustite, the agreement among data of Bowen and 
Schairer® and those of Darken and Gurry,”? and of 
Ensio and Schuhmann’ is not very good. In the 
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Table II. Results of Quenching Experiments 


Mixing Tempera- Final Composition 
Ratio, Quench Ph ture of Run 0, Atm, a by Analysis, Wt Pct 
Run, °C for Analysis, Liquidus 
Cc Temperature FeO Fe203 SiOz 
1.10 1336 i 
1305 1330 10-9.8 17.6 13.1 9.3 
: 1350 
1332 1347 10-91 75.3 16.5 8.2 
362 Liq. 
1349 ii 
1345 Wis 1355 10-78 67.7 25.0 7.3 
10.6 1387 Ligue 
1369 iis i 
1.68 1304 1382 10-68 63.9 29.4 6.7 
1261 ii i 
2.45 1311 1291 10-9.8 15.7 10.9 13.4 
1301 Wis. + Liq 1308 10-2.0 70.0 17.4 12°6 
7.41 1304 Liq. : 
q. 
12 
1288 10-8.1 65.2 21.9 12.9 
15.7 1336 Liq. 
1328 Maen! (tr) + Liq. 1335 7.0 
1304 Magn. + Liq. 1077. 61.3 27.0 
: 1247 Liq. 
Wits. + Liq. 
1241 10-10.2 72.0 10.0 18.0 
. 1255 Lig. 
(tr) + Liq. 
Wiis. + Liq. 1 -9. 
1173 Wiis, 4 lic: 257 10-9.7 69.3 13.8 16.9 
Wus. + Fa. 
14.1 1301 Liq. 
1275 Magn. + Liq. 
4.12 1206 aa. qa 1297 10.7.6 60.6 22.9 16.5 
Wiis. + Liq. 
Wis. + Liq. 1208 -9 9 20 
1161 Wis, 10-9. 67.3 12.0 7 
iq 
Wis. + Liq. 
5 Wus. + Liq. 1205 9.3 
10 64.6 15.5 19.9 
2.18 1181 Lig 
5.61 1181 10-10.9 68.0 7.9 24.1 
iq 
1157 Fa. + Liq 1169 10-10.1 65.7 11.4 22.9 
1206 Liq. 
1191 Magn. + Liq 
22.8 1302 
1280 + Lig 1296 10-7.2 55.2 22.7 
1q. 
+ Liq 1183 10-10.2 64.0 8.4 27.6 
1q. 
+ Lig 1162 10-9.8 61.2 12.1 26.7 
4 iq. 
a 1203 Magn. + Liq 1326 10-6.1 49.1 25.6 25.3 
1q. 
3169 + Liq 1180 10-10.5 60.2 5.4 34.4 
1q. 
ae 1152 Fa. + Liq 1168 10-9.7 57.6 9.0 33.4 
i 1192 Liq. 
eo 1181 Magn. + Liq 1193 10-81 53.0 13.8 33.2 
1312 Liq. 
1268 Magn. + Trid 1309 10-4.4 46.8 
1252 Lia. 
1201 Trid. + Liq 
1147 Trid. + Lia. 1244 10-8-1 54.4 9.7 35.9 
1142 Trid. + Fa. 
31.2 1247 Liq. 
1232 Trid. + Liq 
1187 Trid. + Liq. 1251 10-7-4 52.1 12.8 35.1 
1171 Trid. + Magn 
51.6 1364 Liq. 
1302 Trid. + Lia. 1348 103.9 49.4 15.2 35.4 
76.2 1408 Liq. 
1379 Trid. + Liq. 
1302 Trid. + Lia. 1411 10-5-2 47.0 18.7 34.3 
1271 Trid. + Magn 
51.6 1512 Liq. 
1472 Trid. + Liq. 1492 10-4.0 46.7 16.1 37.2 
Air 1472 Liq. 
1461 + 1474 10-.7 21.8 65.9 12.3 
1450 agn. + Trid. 
Air 1464 Trid. eee Liq. 1483 10-.7 23.2 55.6 21.2 
1455 Trid. + Magn. 
Po, = 1atm 1464 Liq. 
; 1457 Magn. + Lig. 1466 10° 17.8 69.3 12.9 
1450 agn. + Trid. 
Po, = 1atm 1464 
1458 agn. iq. 
1456 Mace, + Liq. 1473 10° TAG 67.1 15.2 
1454 Magn. + Trid. 


* Abbreviations in the table have the j y i 
is crystals of fayalite, Trid. is crystals of tridymite, and tr is trace. 


e following meanings: Liq. is liquid, Wis. is crystals of wiistite, Magn. is crystals of magnetite, Fa. 


present paper, the curve in this region was drawn 
as a smooth curve in better agreement with phase 
principles than was the case in the original paper of 
Bowen and Schairer. Since the data of Bowen and 
Schairer were used for compositions and tempera- 
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tures at the boundary curves for higher silica con- 
tents, their value for the incongruent melting point 
of wiustite (1380°C) and composition of liquid at 
this point (11.5 wt pct Fe.O;) were used rather 
than the values of Darken and Gurry. The bound- 
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aries for the two liquid region were drawn in ac- 
cordance with Greig’s* data. 

The liquidus surface of the Fe.O,-SiO, side of the 
diagram can not be determined experimentally with 
the author’s technique, since O, pressures higher 
than 1 atm would be required. Although the exact 
locations of the boundary curves in this region are 
unknown, the phase relationships probably are sim- 
ilar to those indicated by dashed boundary. curves. 

No data are available for locating the boundary 
curve between molten iron and silicate liquid (or 
liquids) with increasing silica content and increas- 
ing liquidus temperatures—the extreme left-hand 
side of the diagram. In Fig. 4 the boundary curves 
therefore are discontinued before they reach the 
FeO-SiO, join. 

The diagrams in Figs. 5 and 6 were constructed 
in order to illustrate the relationship between the 
compositions of liquid and gas phases in equilibrium 
at liquidus temperatures. Light dash-dot lines in 
Fig. 5 are lines of equal O, pressures for points on 
liquidus surface and light dash-double-dot lines in 
Fig. 6 are lines of equal CO./H, mixing ratios. These 
curves were constructed by combining data sum- 
marized in Tables I and II with those in the litera- 
ture. For compositions along the join FeO-Fe.O:, 
the data of Darken and Gurry” ” were used and for 
melts in equilibrium with metallic iron those of 
Ensio and Schuhmann.’ Compositions of liquids in 
equilibrium with air and 1 atm O, at 1600°C were 
taken from Gurry and Darken.*® Larson and Chip- 
man” determined FeO/Fe.O; ratios at O, pressure 
of 10° atm and 1550°C. 

Fig. 7 is constructed in order to show the rela- 
tionship between compositions of liquid and crystal- 
line phases. Heavy lines are boundary curves and 
medium dash lines are fractionation curves.+ Of the 


+ Fractionation curves are curves drawn to illustrate relationship 
of composition of liquid and crystalline phases in equilibrium. The 
curves are constructed from conjugation lines in such a way that 
the conjugation lines are tangent to the fractionation curves. (A 
conjugation line joins the composition of a liquid with the compo- 
sition of the solid with which it is in equilibrium.) 


crystalline phases occurring in this system, silica 
and fayalite are assumed to be essentially constant 


CRISTOBALITE 


HEMATITE 


80 30 
FeO-Fe,0, 
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Fig. 4—Phase equilibrium diagram is presented for the system FeO- 
FesO;-SiO». Circles represent compositions, as shown by analysis, of 
mixtures at liquidus temperatures. Light lines are liquidus isotherms 
at 100°C interyals and heavy lines are boundary curves, with ar- 
rows pointing in the directions of falling temperatures. The tri- 
dymite-cristobalite boundary curye is dashed. Medium lines with 
stippling on one side indicate limit of two liquid region. 
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Fig. 5—Phase equilibrium diagram is shown for the system FeO- . 
Fe20;-SiO2. Heavy lines are boundary curves and dash-dot lines are 
lines of equal Os pressures for points on liquidus surface. Lines 
with stippling on one side indicate limit of two liquid region. 


in composition, corresponding to the chemical for- 
mulas SiO, and 2FeO-SiO., respectively. In the 
primary fields of silica and fayalite, therefore, the 
fractionation curves are straight lines. The varia- 
tions in compositions of wustite and magnetite as 
a function of temperature and O, pressure were 
determined by Darken and Gurry.”* The data of 
these authors were combined with data obtained in 
the present investigation to construct fractionation 
curves in the wistite and magnetite fields as shown 
in Fig. 7. The composition of the crystalline phase 
in equilibrium with a liquid is represented by the 
point of intersection of the FeO-Fe.O, join and the 
tangent to the fractionation curve at the point rep- 
resenting the liquid composition. 


Paths of Crystallization 

In ordinary dry ternary silicate systems, the paths 
of crystallization under equilibrium conditions are 
determined unambiguously from the changes in 
composition of liquid and crystalline phases accom- 
panying a change in temperature. In other words, 
curves representing paths of crystallization can be 
constructed from a knowledge of the liquidus sur- 
face and fractionation curves. In a series of papers 
from the Geophysical Laboratory (for example, 
those describing the systems CaO-Al,O,-SiO.,” CaO- 
FeO-Si0.," MgO-FeO-SiO.,“ and CaSiO,-Ca,MgSi,O,- 
Ca,Al,Si0,"), classic descriptions may be found of 
crystallization phenomena in such systems. For the 
system FeO-Fe.O;-SiO,, however, in addition to the 
changes in composition of the condensed phases, 
variation in composition of the gas phase during 
the crystallization process must be taken into con- 
sideration. Consequently, crystallization under equi- 
librium conditions in this case is described in terms of 
three variables in addition to temperature, namely, 
the composition of the liquid, crystalline, and gas 
phases. A representation of all these variables in 
a single diagram would result in a confusingly large 
number of lines. For this reason, the different vari- 
ables are shown in separate diagrams. The phase 
diagram in Fig. 4 shows the liquidus surface with 
isotherms and thus gives the relationship between 
temperature and composition of liquid. Fig. 5 is a 
representation of liquidus surface and O, isobars, 


TRANSACTIONS AIME 


Sid, 
\ 60 
\ 
\ 50 
/ 
60 


thus relating liquid composition to partial pressure 
of O, in the gas phase in equilibrium with liquid. 
Similarly, the fractionation curves in Fig. 7 illus- 
trate the relationship between compositions of 
liquid and crystalline phases in equilibrium. 

On the basis of these diagrams, it is possible to 
derive the paths of crystallization under various 
conditions. The relationships can best be discussed 
in terms of three different idealized cases, namely, 
1—the total composition of the condensed phases 
remains constant, 2—the O, pressure is kept con- 
stant, and 3—the CO./H, mixing ratio is kept con- 
stant. 

Throughout the following discussion, it is assumed 
that perfect equilibrium always exists among gas, 
liquid and crystalline phases, and that heat is con- 
tinually removed from the mixtures. 

Constant Total Composition of Condensed Phases 
—The derivation of paths of crystallization under 
conditions of constant total composition of con- 
densed phases involves mainly principles well 
known from ordinary dry silicate systems.” The 
curves representing paths of equilibrium crystalliza- 
tion are constructed from the fractionation curves 
on the basis of postulating constant total composition 
of condensed phases. The only additional complica- 
tion in the present case arises from the fact that the 
O., pressure must change continuously during crys- 
tallization in order to maintain equilibrium among 
crystalline, liquid, and gas phases while the total 
composition of the condensed phases remains con- 
stant. The relationships can be explained by con- 
sidering the paths of crystallization of typical mix- 
tures. 

Fig. 8 shows an enlarged portion of the ternary 
system FeO-Fe.O,-SiO., including the primary fields 
of fayalite and wutstite. Heavy lines are boundary 
curves. Medium dash lines are fractionation curves, 
medium solid lines are equilibrium crystallization 
curves, and medium dash-cross lines are conjuga- 
tion lines.t Light solid lines are liquidus isotherms 


t+ Conjugation lines are indicated by their end points in cases 
where they fall very close to other lines. 


at 50°C intervals and light dash-dot lines are O, 
isobars. Light dash lines are auxiliary construction 
lines. The straight line from the fayalite composi- 
tion (2FeO-SiO.) through point 6 on the boundary 


Si02 


WEIGHT PER CENT 

Fig. 6—Phase equilibrium diagram is presented for the system FeO- 

_FesOz-SiOx. Heavy lines are boundary curves and dash-double-dot 

lines are lines of equal CO2/Hes mixing ratios for points on liquidus 

surface. Lines with stippling on one side indicate limit of two 


liquid region. 
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Fig. 7—Diagram of the system FeO-Fe20;-SiO2 is presented to il- 
lustrate relationship of compositions of liquid and crystalline phases 
in equilibrium. Heavy lines are boundary curyes and medium dash 
lines are fractionation curves. Lines with stippling on one side 
indicate limit of two liquid region. 


curve fayalite-magnetite is part of a straight line 
joining the composition points 2FeO-SiO, and 
FeO: Fe.O;. 

As an example of paths of crystallization in 
fields where the primary crystals have constant 
composition, three mixtures located at A, B, and C 
in the fayalite field are considered. 

In mixture A crystals of fayalite start separating 
out at approximately 1180°C, and the liquid com- 
position changes along the straight line A-a away 
from the fayalite composition. At point a, approxi- 
mately 1145°C, magnetite begins to crystallize to- 
gether with fayalite, and the liquid composition 
moves along the boundary curve fayalite-magnetite 
until at 1140°C the liquid, now of composition X, 


SiOz 
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PER CENT Fe205 Fe203 
Fig. 8—Diagram of a part of the system FeO-Fe20;-SiO2 is shown 
to illustrate paths of equilibrium crystallization under conditions of 
constant total composition of condensed phases. Heavy lines are 
boundary curves. Medium dash lines are fractionation curyes, dash- 
cross lines are conjugation lines, and medium solid lines are 
equilibrium crystallization curves. Light solid lines are liquidus iso- 
therms at 50°C intervals, light dash-dot lines are Os isobars for 
points on liquidus surface, and light dash lines are auxiliary con- 
struction lines. 
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disappears, the final product being a mixture of 
fayalite, magnetite, and tridymite. During this 
process the O, pressure of the gas phase changes 
continuously from approximately 10™ atm at point 
A through 10°° atm at point a to 10°° atm at X. 

In mixture B fayalite starts separating out at ap- 
proximately 1180°C, and the liquid composition 
moves along the straight line B-b. When point b is 
reached, at approximately 1150°C, magnetite pre- 
cipitates together with fayalite and the liquid dis- 
appears. The final product in this case therefore is 
a mixture of fayalite and magnetite. During this 
process, the O, pressure changes continuously from 
approximately 10 atm at point B to 10°* atm at 
point b. 

In mixture C fayalite begins to separate at ap- 
proximately 1195°C, and the liquid composition 
changes along the straight line C-c away from the 
fayalite composition. At point c, approximately 
1170°C, wiistite of composition c” starts crystalliz- 
ing together with fayalite, the wiistite composition 
being determined by the tangent to the fractiona- 
tion curve at this point (i.e., conjugation line c-c”). 
With wiistite of continuously changing composition 
and fayalite crystallizing out together, the liquid 
composition moves along the boundary curve 
wistite-fayalite. The liquid disappears at point c’ 
where the composition of wiistite (c’”), determined 
by conjugation line c-c’”’, falls on the extension of 
the straight line from 2FeO-SiO, through C. The 
crystallization process takes place at continuously 
varying O, pressures, from approximately 10°°* atm 
at point C to 10°“ atm at point c’. 

Mixture D is chosen to illustrate paths of crystal- 
lization in the field of wiistite. At approximately 
1370°C wiistite starts separating out and the liquid 
composition moves along the equilibrium crystal- 
lization curve D-d (medium solid line). The com- 
position of the wiistite in equilibrium with liquid, 
determined by the tangent to the fractionation 
curve through the points representing liquid com- 
position, changes continuously from d” (31 wt pct 
Fe.O;) to d’” (28 wt pct Fe.O;). Fayalite starts sep- 
arating out together with wiistite from the liquid 
at point d, and the liquid composition moves along 
the boundary curve wiistite-fayalite toward d’. From 
the point d where the boundary curve is reached, a 
reversal occurs in the direction of change in com- 
position of wiistite, the Fe.O; content increasing as 
the liquid composition moves along the boundary 
curve. The liquid disappears at point d’, the end 
product being a mixture of fayalite and wistite. 
The composition d’””’ of wiistite at this point, deter- 
mined by the conjugation line d-d’’”, falls on the 
extension of the straight line from 2FeO-SiO, 
through point D. During the crystallization process, 
the O, pressure changes continuously. It first de- 
creases along the curved path D-d from approxi- 
mately 10° atm at D to 10° atm at d. From here 
on, with fayalite and wiistite coprecipitating, the 
change in O, pressure reverses itself, increasing to 
approximately 10°°* atm at point d’. The increase 


in O, pressure is necessary to keep the total com-- 


position constant during the increased extraction of 
FeO from the melt by the crystallization out of 
fayalite. 

Fig. 9 shows an enlarged portion of the ternary 
system in the neighborhood of the magnetite com- 
position. The various lines have the same meaning 
as in Fig. 8. As examples of paths of crystallization 
in the primary field of magnetite, three mixtures 
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E, F, and G are considered. In mixture E magnetite 
starts separating out at approximately 1530°C, the 
first crystals to appear having a composition e”, cor- 
responding to approximately 76 wt pct Fe.O;. With 
liquid composition moving along the curved path 
E-e (medium solid line), the magnetite composition 
changes continuously from e” to e’”’. At point e tri- 
dymite starts separating out together with mag- 
netite, and the liquid composition moves to the 
right along the boundary curve magnetite-tridymite. 
The liquid disappears at point e’, where the com- 
position of magnetite, determined by the conjuga- 
tion line e’-e””, falls on the extension of the 
straight line connecting the SiO, corner of the ter- 
nary diagram with point E. The end product there- 
fore is a mixture of magnetite and tridymite. The 
O, pressure, which at point E is approximately 1 
atm, decreases slightly while the liquid composition 
moves along the curved line E-e in the magnetite 
field. At point e the change in O, pressure reverses 
itself, slightly increasing pressure being necessary 
to maintain total composition of condensed phases 
constant with magnetite and tridymite crystallizing 
out together. 

In mixture F magnetite of composition f’ (72 wt 
pet Fe.O;) starts separating out at approximately 
1570°C. With equilibrium cooling, the liquid com- 
position changes along the curved line F-f (medium 
solid line) while the magnetite in equilibrium with 
the melt varies in composition continuously from 
f’ to f”, f” being determined by the conjugation line 
f-f”. This conjugation line has a direction pointing 
to the SiO, corner of the triangle representing the 
ternary system, and the liquid therefore must dis- 
appear at point f. The end product is a mixture of 
magnetite and tridymite. During the crystallization 
process, the O, pressure changes continuously from 
approximately 10°° atm at point F to 10°*° atm at 
point f. The directions of the conjugation lines give 
information regarding the slope of the boundary 
curve magnetite-tridymite. By quenching experi- 
ments, no detectable difference in temperature was 
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Fig. 9—Diagram of a part of the system FeO-Fe.O;-SiO. is pre- 
sented to illustrate paths of equilibrium crystallization for mixtures 
in the magnetite field under conditions of constant total composi- 
tion of condensed phases. Heavy lines are boundary curves. Medium 
dash lines are fractionation curves, medium dash-cross lines are 
conjugation lines, and medium solid lines are equilibrium crystal- 
lization curves. Light solid lines are liquidus isotherms at 50°C 
intervals, light dash-dot lines are O2 isobars for points on liquidus 
surface, and light dash lines are auxiliary construction lines. Line 
with stippling on one side indicates limit of two liquid region. 
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found for points on the boundary curve in air and 
at 1 atm O, pressure, indicating that the boundary 
curve is extremely flat in this region. The construc- 
tion of conjugation lines shows that a maximum 
must exist at point f. The temperature of this max- 
imum on the tridymite-magnetite boundary curve 
is approximately 1456°C, and the following phases 
coexist in equilibrium: tridymite, magnetite with a 
composition corresponding to 73 wt pct Fe.O;, a 
liquid of composition 19 wt pct SiO., 59 wt pct Fe,O,, 
22 wt pct FeO, and a gas phase with partial pres- 
sure of O, of approximately 0.1 atm. The slope of 
the boundary curve tridymite-magnetite thus estab- 
lished, together with the known decomposition tem- 
perature of Fe.O, at 1 atm O., indicates the approxi- 
mate location of the ternary invariant point tri- 
dymite-magnetite-hematite-liquid-gas, which was 
not obtained experimentally. The decomposition 
temperature of Fe.O; at 1 atm O, was determined 
in the present investigation to 1453+3°C, as com- 
pared to 1452+5°C reported by Greig et al. and 
1457+2°C by Darken and Gurry.’ Because the tem- 
perature of decomposition of hematite to magnetite 
increases with increasing O, pressure, while the 
liquidus temperature along the boundary curve 
magnetite-tridymite decreases when O, pressure is 
increased from 1 atm, hematite must be the stable 
phase of iron oxide in equilibrium with liquid of 
composition on the boundary curve magnetite-tri- 
dymite slightly to the right of the point where the 
1 atm O, isobar (Fig. 5) intersects this boundary 
curve. From this it can be inferred that the afore- 
mentioned invariant point must be located at ap- 
proximately 1455°C, with a liquid composition of 
approximately 15 wt pct SiO., 16 wt pct FeO, and 
69 wt pct Fe.O,, and a partial O, pressure of the gas 
phase only slightly higher than 1 atm. 

In mixture G magnetite of composition FeO: Fe,O, 
starts separating out at about 1500°C, and with 
continued cooling the liquid moves along the straight 
line G-g away from the magnetite composition. At 
point g tridymite starts crystallizing out together 
with magnetite, and the liquid composition moves 
along the boundary curve magnetite-tridymite. The 
rest of the crystallization path is not shown in Fig. 
9 but can be followed in Figs. 4 and 5. The liquid 
composition moves all the way down to invariant 
point X, where the liquid disappears, leaving as end 
product a mixture of magnetite, tridymite, and 
fayalite. During this process the O, pressure changes 
continuously from about 10° atm at point G, through 
10° atm at point g, to 10°° atm at point X. 

The O, Pressure is Kept Constant—This condition 
gives rise to paths of crystallization which are less 
familiar but in many respects simpler than the case 
just considered. The whole theory of paths of crystal- 
lization in ordinary dry silicate systems is based on 
the assumption of constant total composition, a fact 
which is not always fully appreciated. As soon as 
this requirement is not fulfilled, the concept of com- 
position triangles is not applicable and the construc- 
tion of equilibrium crystallization curves from frac- 
tionation curves can not be carried out. In the pres- 
ent case, therefore, new criteria must be established 
from which the paths of crystallization can be de- 
rived. 

Since the composition of the liquid is unambigu- 
ously determined by silica content, temperature, 
and O, pressure, it follows that in all cases during 

-erystallization at constant O, pressure the liquid 
composition must follow the isobars along the 
liquidus surface. In other words, the isobars at the 
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same time become the curves of equilibrium crystal- 
lization. This relationship holds regardless of the 
nature of the crystalline phases separating out, 
whether they be of constant composition like SiO, 
and 2FeO-SiO., or of varying composition like 
magnetite and wistite. When a boundary curve is 
reached, a new crystalline phase appears, and one 
of the previous phases must disappear, either the 
liquid or the primary crystalline phase. The liquid 
phase disappears in all cases where the point of 
intersection of the isobar and the. boundary curve 
is a temperature minimum point on the isobar. If 
the point of intersection is not a minimum, then 
either the liquid or the primary crystalline phase 
disappears, depending on the location of the start- 
ing mixture. For the purpose of illustrating more 
clearly the principles involved, the paths of crystal- 
lization of a few selected mixtures are considered. 
In order to simplify this discussion, a new term is 
introduced, namely isosilica lines. These are lines 
having a constant Si/Fe ratio. As pointed out pre- 
viously, it is assumed that no reaction takes place 
between the iron silicate melt and the crucible mate- 
rial. This means that the silica content of the con- 
densed phases is constant. The only change in total 
composition of the condensed phases taking place 
is an addition or a subtraction of oxygen, in other 
words, a variation in the ratio FeO/Fe,O,. The situa- 
tion is more easily understood by keeping in mind 
that the system under consideration is part of the 
ternary system Fe-Si-O. The only way the total 
composition of the condensed phases can change is 
by exchanging oxygen with the gas phase. In other 
words, still referring to the ternary system Fe-Si-O, 
the Fe/Si ratio remains constant, whereas the oxygen 
content varies. The total composition of the con- 
densed phases for a chosen mixture must therefore 
always remain on a straight line through the 
O-corner of the triangle representing the system. 
The lines in the FeO-Fe,O,;-SiO, diagram describing 
this situation, the isosilica lines, are of course also 
straight lines which can easily be constructed. They 
are almost parallel to the FeO-Fe.O,; join when the 
diagram is plotted on a weight percentage basis. 
The usefulness of the isosilica lines is evidenced by 
the fact that regardless of what is done to a mix- 
ture of chosen starting composition, the total com- 
position of the condensed phases is always repre- 
sented by a point somewhere on the isosilica line 
through the point of original composition. In other 
words, the total composition, so to speak, slides back 
and forth on the isosilica line. One of the isosilica 
lines is of special importance for the derivation of 
paths of crystallization, namely, the isosilica line 
through the fayalite (2FeO-SiO,) composition. At 
low O, pressures, the paths of crystallization differ, 
depending on whether the starting mixture is lo- 
cated above or below this line. 

The paths of crystallization are discussed with 
reference to Figs. 10 and 11. In these diagrams 
heavy lines are boundary curves. Light dash-dot 
lines are O, isobars at liquidus temperatures and at 
the same time equilibrium crystallization curves. 
Light dash-cross lines are isosilica lines and light 
dash lines, auxiliary construction lines. The isobars 
through invariant points X and Y, corresponding to 
O, pressures of approximately 10°° and 10°° atm, 
respectively, as well as the isobar corresponding to 
1 atm O., are drawn as medium dash-dot lines. The 
following discussion is limited to the area between 
the 1 atm O, isobar and the field of metallic iron. 
The 10°° and 10°° atm isobars divide this portion 
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Fig. 10—Diagram of the system FeO-Fe20;-SiO. is shown to illus- 
trate paths of equilibrium crystallization at constant O2 pressures. 
Heavy lines are boundary curves. Light dash-dot lines are Oz iso- 
bars for points on liquidus surface and at the same time equilibrium 
crystallization curves. The isobars corresponding to Oz pressures of 
1, 10°°°, and 10°°? atm are drawn as medium dash-dot lines. Light 
dash-cross lines are isosilica lines. The isosilica line through the 
fayalite (2FeO-SiO2) composition ts drawn as a medium dash-cross 
line. Light dash lines are auxiliary construction lines. Outlines of 
areas I, II, Ill, and IV referred to in the text are indicated by dif- 
ferent shadings for a part of the system drawn separately to the 
side of the main diagram. Lines with stippling on one side indicate 
limit of two liquid region. 


of the diagram vertically into three sections to be 
discussed separately. The dash-cross straight line 
through the fayalite (2FeO-SiO.) composition is 
the isosilica line through this point. This line, sim- 
ilarly, divides the diagram horizontally into two 
sections, separating mixtures above and below the 
line. On the basis of these subdivisions, four dif- 
ferent areas will be considered, the boundaries of 
which are shaded differently in Fig. 10. The area 
labeled I includes all mixtures located between the 
1 atm and 10°° atm isobars. Area II includes mix- 
tures located above the 2FeO-SiO, isosilica line 
and to the left of the 10°° atm isobar. In areas III and 
IV the mixtures are located below the 2FeO-SiO, 
isosilica line in both cases, but the O. pressures are 
different. Mixtures in area III are equilibrated at 
O, pressures below 10°° atm, whereas the O, pres- 
sures in area IV are between 10°° and 10°° atm. 

Mixtures Located in Area I, Fig. 10: In mixture 
A, when equilibrated at an O, pressure of 10% atm, 
tridymite starts separating out at about 1400°C and 
the liquid composition moves along the 10% atm 
isobar until the boundary curve tridymite-magnetite 
is reached at point a. Since a is the lowest point on 
the liquidus surface at the chosen O, pressure, as 
heat is withdrawn, the liquid phase disappears, and 
the end product is a mixture of tridymite and mag- 
netite. The total composition of the condensed phases, 
which was A at the liquidus temperature, changes 
continuously along the isosilica line through A. It 
is represented by point A’ when the liquid composi- 
tion reaches the boundary tridymite-magnetite, and 
at the end is represented by point A”, the point of 
intersection between the isosilica line through A 
and the straight line joining the silica (SiO.) and 
magnetite (FeO-Fe.O;) compositions. 

A mixture represented by point B in the primary 
field of magnetite behaves similarly. Magnetite 
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starts separating out at about 1370°C and, with de- 
creasing temperature and equilibrium maintained, 
the liquid composition moves along the 10° atm 
isobar until the boundary curve magnetite-tridymite 
is reached. Here the liquid phase disappears, leav- 
ing as an end product a mixture of tridymite and 
magnetite. During this process the total composi- 
tion of the condensed phases moves along the iso- 
silica line from B to B’. 

In mixture C wiistite starts separating out at about 
1350°C, and as heat is withdrawn, the liquid com- 
position moves along the wiistite liquidus surface 
following the 10° atm isobar. The wiistite composi- 
tion changes continuously in a way which can be 
derived from the fractionation curves. These curves 
are not drawn in Fig. 10, in order to avoid the con- 
fusion caused by too many lines. The relationships 
can, however, be derived easily by comparing Figs. 
5, 10, and 7. When the liquid composition reaches 
point c, wistite disappears and magnetite starts 
separating out with temperature remaining con- 
stant. When the last trace of wiistite disappears, 
the liquid composition starts moving along the mag- 
netite liquidus surface following the 10° atm isobar, 
with magnetite continuously separating out. When 
the boundary curve magnetite-tridymite is reached, 
at point c’, the liquid disappears, leaving as end 
product a mixture of magnetite and tridymite. The 
total composition during this process changes along 
the isosilica line from C to C’. 

From these considerations, it appears that all iron 
oxide-silica mixtures, when equilibrated at O, pres- 
sures between 10°° and 1 atm, give as end product 
a mixture of magnetite and tridymite at a tempera- 
ture infinitesimally below the solidus. 

Mixtures Located in Area II, Fig. 11: For a point 
D in the tridymite field, tridymite crystallizes out; 
and, as heat is withdrawn, the liquid composition 
moves along the 10°” atm isobar until the boundary 
curve tridymite-fayalite is reached, at which point 
the liquid phase disappears. 

A point E in the fayalite field behaves similarly; 
fayalite crystallizes out and the liquid composition 
during equilibrium crystallization moves along the 
10 atm isobar until the boundary fayalite-tridymite 
is reached, where the liquid phase disappears. 

For point F in the magnetite field, magnetite sep- 
arates out and the liquid moves along the 10°* atm 
isobar until the isobar intersects the boundary curve 
magnetite-fayalite at point f. As heat is withdrawn, 
magnetite disappears with temperature remaining 
constant. When no magnetite is left, the tempera- 
ture decreases; and, with fayalite crystallizing out, 
the liquid follows the 10°* atm isobar along the 
fayalite liquidus surface until the boundary fayalite- 
tridymite is reached, where the liquid phase dis- 
appears. The total composition, which at the liquidus 
temperature is F, moves first to the right on the 
isosilica line reaching the minimum FeO/Fe.O, ratio 
at F’ when the liquid composition reaches the bound- 
ary magnetite-fayalite at f. With fayalite starting 
to crystallize at this point, the change in total com- 
position reverses itself, the point representing total 
composition moving to the left along the isosilica 
line until at the solidus temperature the total com- 
position is represented by point F”, the intersection 
between the isosilica line and the FeO-SiO, join. 

From these considerations it appears that all mix- 
tures above the isosilica line through the 2FeO: SiO, 
composition, when equilibrated at O. pressures below 
approximately 10°° and above 10 atm, give as 
an end product a mixture of fayalite and tridymite. 
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Fig. 11—Diagram of a part of the system FeO-FesO;-SiO» is pre- 
sented to illustrate paths of equilibrium crystallization at constant 
OQ. pressures. Heavy lines are boundary curves. Light dash-dot 
lines are Oz isobars for points on liquidus surface and at the same 
time equilibrium crystallization curves. The isobars corresponding 
to O2 pressures of 1, 10°°°, and 10°°° atm are drawn as medium 
dash-dot lines. Light dash-cross lines are isosilica lines. The iso- 
silica line through the fayalite (2FeO-SiO2) composition is drawn as 
a medium dash-cross line. Light dash lines are auxiliary construc- 
tion lines. Line with stippling on one side indicates limit of two 
liquid region. 


Mixtures Located in Area III: In mixture G, Fig. 
11, fayalite is the first crystalline phase to appear, 
and with decreasing temperature the liquid com- 
position follows the 10“ atm isobar until the bound- 
ary curve fayalite-wistite is reached at point g. 
Here the liquid disappears, leaving as end product 
a mixture of fayalite and wiistite. 

In mixture H wistite of continuously varying 
composition crystallizes out, and the liquid com- 
position moves along the corresponding isobar until 
at point h the liquid disappears, the end product 
being a mixture of fayalite and wiistite. Similarly, 
all mixtures below the isosilica line through 2FeO- 
SiO., when equilibrated at O, pressures below Oe 
and above 10° atm, crystallize completely to a 
mixture of wiistite and fayalite. 

Mixtures Located in Area IV: In mixture M, Fig. 
11, fayalite is the first crystalline phase to appear, 
and the liquid composition moves along the 10°° 
atm isobar until the magnetite-fayalite boundary 
is reached. Here the liquid disappears and the end 
product consists of a fayalite and magnetite mixture. 

In mixture N magnetite separates out as a primary 
phase, and the liquid composition moves along the 
10° atm isobar until the boundary curve magnetite- 
fayalite is reached. Here the last liquid disappears 
and the end product is a mixture of magnetite and 
fayalite. 

In mixture K, Fig. 10, wiistite is the primary 
phase. With wiistite of continuously varying com- 
position crystallizing out, as heat is withdrawn, the 
liquid composition moves along the corresponding 
10° atm isobar until at point k the boundary curve 
wiistite-magnetite is reached. Here wistite dis- 
appears and magnetite starts forming, with tem- 
perature remaining constant. When the last traces 
of wiistite disappear, the temperature decreases, 
and with magnetite crystallizing out the liquid com- 
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position follows the isobar along the magnetite li- 
quidus surface. When the boundary curve mag- 
netite-fayalite is reached at point k’, the last liquid 
disappears, leaving as end product a mixture of 
magnetite and fayalite. The total composition, which 
is represented by point K at the liquidus tempera- 
ture, changes along the isosilica line through K 
during the crystallization process. When the liquid 
composition reaches point k, the total composition 
is K’, the point of intersection of the isosilica line 
with the conjugation line through k (point K’ is 
found by using fractionation curves from Fig. 7 to- 
gether with Fig. 10). The liquid composition re- 
mains constant at k until the wustite has disappeared 
completely, with total composition steadily chang- 
ing to the right along the isosilica line until point 
K” is reached. With magnetite separating out and 
the liquid composition starting to move along the 
10°° atm isobar in the primary field of magnetite, 
the total composition moves further along the iso- 
silica line until point K’” is reached when the liquid 
reaches point k’. At this point fayalite starts crys- 
tallizing out together with magnetite, and the change 
in total composition is reversed. It now changes 
from K”’ toward K””, K”” being the point of inter- 
section between the isosilica line through K and the 
straight line joining 2FeO-SiO, and FeO: Fe.O,. 
Similarly, all other mixtures located below the 
isosilica line through 2FeO - SiO., when equilibrated 
at O, pressures between 10°° and 10°° atm, give 
as end product a mixture of magnetite and fayalite. 
Mixing Ratio CO./H, is Kept Constant—This con- 
dition gives rise to paths of crystallization which 
can be derived in a manner completely analogous 
to the case just considered. The discussion is a 
repetition of the foregoing, with lines of equal 
CO./H, mixing ratios taking the place of the O, 
isobars. The diagram can be divided into four sec- 
tions in analogy with the foregoing, the vertical 
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Fig. 12—Diagram of the system FeO-FesQ;-SiO. is shown to 
illustrate phase assemblages at temperatures infinitesimally 
below solidus, under conditions of constant CO2/H» mixing 
ratios. Heavy lines are boundary curves. Medium dash-double- 
dot lines are lines of equal CO:/H»2 mixing ratios of 6.5 and 
19, for points on liquidus surface. The medium dash-cross 
line is the isosilica line through the fayalite (2FeO-SiO.) 
composition. Outlines of four areas are indicated by differ- 
ent shadings. Within each area, all mixtures give the same 
end product at a temperature infinitesimally below the solidus. 
Lines with stippling on one side indicate limit of two liquid 
region. 
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subdivisions this time being based on the lines of 
equal CO,/H, ratios through invariant points X and 
Y, corresponding to CO./H, ratios of about 19 and 
6.5, respectively. The results are summarized in 
Fig. 12, showing the phase assemblages at tempera- 
tures infinitesimally below the solidus temperatures. 


Summary 

The ternary system FeO-Fe,O,-SiO, deviates from 
ordinary dry silicate systems in that the composi- 
tion of the condensed phases is dependent on the 
partial O, pressure of the gas phase. Liquidus data 
were obtained at O, pressures ranging from 10°” 
to 1 atm. In this part of the system there are two 
ternary invariant points: At one invariant point 
(X in Figs. 8, 10, and 11), the following phases co- 
exist in equilibrium at 1140°C: tridymite (SiO.), 
fayalite (2FeO-SiO,), magnetite (FeO-Fe,0O;), a 
liquid with composition 35 wt pct SiO., 11 wt pct 
Fe.O;, and 54 wt pet FeO, and a gas phase with par- 
tial O, pressure of 10° atm. At the other invariant 
point (Y in Figs. 8, 10, and 11), the following phases 
coexist in equilibrium at 1150°C: fayalite (2FeO- 
SiO.), magnetite (FeO-Fe.O;), wiistite with a com- 
position corresponding to 35 wt pct Fe.O;, a liquid 
with composition 22 wt pct SiO., 14 wt pct Fe.O,, 
and 64 wt pct FeO, and a gas phase with partial O, 
pressure of 10°° atm. The ternary invariant point 
where tridymite (SiO.), magnetite, hematite, liquid, 
and gas are in equilibrium was not determined ex- 
perimentally but is inferred to be located at a tem- 
perature of approximately 1455°C, with liquid com- 
position approximately 15 wt pct SiO., 69 wt pct 
Fe.O,, 16 wt pet FeO, and a partial O, pressure of 
the gas slightly higher than 1 atm. 

Along the boundary curve tridymite-magnetite, a 
maximum point exists at a temperature of 1456°C 
with the following phases coexisting in equilibrium: 
tridymite (SiO.), magnetite with a composition cor- 
responding to 73 wt pct Fe.O;, a liquid of composi- 
tion 19 wt pct SiO., 59 wt pct Fe.O;, 22 wt pct FeO, 
and a gas phase with partial pressure of O, of ap- 
proximately 0.1 atm. 

Isobars along the liquidus surface, corresponding 
to partial pressures of O, (Fig. 5), illustrate the 
marked change in phase relationships with change 
in atmospheric conditions. The lowest temperature 
at which liquid can exist under equilibrium condi- 
tions in an iron oxide-silica mixture is approxi- 
mately 1455°C at 1 atm O, pressure. With O, pres- 
sure decreasing to 10* atm, the lowest temperature 
of liquid existence is essentially the same. With 
further decrease in O, pressure, liquid is present at 
rapidly decreasing temperatures, reaching a min- 
imum of 1140°C at 10° atm O, for mixtures above 
the 2FeO-SiO. isosilica line and a minimum of 
1150°C at 10°° atm O. for mixtures below the 
2FeO-SiO, isosilica line. With further decrease in 
O, pressure, the lowest temperature of liquid exist- 
ence increases somewhat, until metallic iron appears 
as a phase at O, pressures between 10 and 10” 
atm. 

The paths of crystallization for mixtures within 
this system are complicated, but the relationships 
ean be deduced for chosen idealized conditions, 
which in practical industrial processes are never 
realized but often approached. In a closed system, 
the total composition of the condensed phases re- 
mains essentially constant, and the equilibrium 
crystallization paths can be deduced from well 
established principles of dry silicate systems. In the 
primary fields of tridymite and fayalite the crystal- 
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lization curves are straight lines, whereas in the 
fields of magnetite and wiistite the liquid composi- 
tion during crystallization follows curved lines. In 
an open system under constant O, pressure, the O, 
isobars along the liquidus surface are the paths of 
equilibrium crystallization. During this crystalliza- 
tion process, the total composition of the condensed 
phases changes along lines of equal Si/Fe ratios. 
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Ordering and Magnetic Heat Treatment of The 


30 Pct Fe-50 Pct Co Alloy 
by R. C. Hall, G. P. Conard, and J. F. Libsch 


The 50 pct Fe-50 pct Co alloy undergoes a transformation from disorder to an 
ordered structure of the CsCl type reportedly in the vicinity of 732°C. During this 
process, the coercive force goes through a maximum, apparently as a result of strains 
associated with the coherent nucleation and growth reaction. This magnetic alloy also 
shows a marked increase in the ratio of residual to saturation induction, which is asso- 
ciated with annealing to a high degree of order with the continuous application of a 
magnetic field. The increase in ratio can be explained on the basis of a decrease in 90° 
domain boundaries and, perhaps, by an increase in anisotropy resulting from lattice 


distortion. 


4 Bike 50 pet Fe-50 pct Co alloy undergoes a dis- 
order-order transformation which has been re- 
ported to occur in the vicinity of 732°C.” The 
ordered structure is the CsCl type.t This magnetic 
alloy also shows a marked increase in the ratio of 
residual to saturation induction as a result of heat 
treatment in a magnetic field, sometimes called a 
response to magnetic anneal.** The purpose of this 
investigation was to study the course of the order- 
ing reaction, the nature of the response to heat 
treatment in a magnetic field, and the relation, if 
any, between ordering and the response. 


Procedure 

The method of approach in this investigation was 
to produce an initial structure as completely dis- 
ordered as possible and then gradually to order the 
alloy by isothermal anneals at various temperatures 
under different conditions of the applied magnetic 
field. Magnetic, magnetostriction, and X-ray anal- 
yses were of primary importance in determining 
the property and structural changes resulting from 
the isothermal anneals. 

Rings of the 50 pct Fe-50 pct Co alloy were pre- 
pared from the elemental powders by a powder 
metallurgy technique, further details of which may 
be found in ref. 7. The initial structure was pro- 
duced by annealing the specimens for % hr at 
1000°C, cooling to and holding for % hr at 900°C 
(in the a range above the ordering temperature), 
and water quenching. Isothermal anneals were per- 
formed at 600°, 675°, 720°, and 740°C. For example, 
rings were heated to 600°C, held for a predeter- 
mined period of time, and cooled by natural cooling 
at a rate slightly slower than an air cool (average 
of 20° to 25°C per min). The tests (magnetic, etc.) 
were made after each heat treatment. All high tem- 
perature treatments were performed in a purified 
hydrogen atmosphere. The treatments at the various 
temperatures were carried out under one or more 
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conditions of an applied field including 1—no field, 
2—field of 20 oersteds applied on cooling only, and 
3—field of 20 oersteds applied continuously during 
heating, holding, and cooling. 

Magnetic measurements were made using the 
standard Rowland ring technique® with a maximum 
field strength of 100 oersteds. The magnetization 
curve, induction at 100 oersteds (B.), residual in- 
duction (B,), and coercive force (H,) were deter- 
mined. All magnetic analysis data were based on 
an average of the results from three rings. A strain 
gage technique’ was used for the measurement of 
magnetostriction. The X-ray determination of the 
relative amount of ordered phase present was made 
on the ring specimen used for magnetic measure- 
ment. This was done by the back-reflection method 
using a rotating specimen (because of the large 
grain size) with unfiltered CoKa radiation and a 
7 hr exposure time. Intensity measurements of the 
ordered line (300) were made by comparing visually 
the films so obtained with standard films prepared 
by exposing for different lengths of time a specimen 
given a long time anneal (high degree of order). 


Results 


In all instances the saturation induction (induc- 
tion at 100 oersteds) was found to increase slightly 
with annealing time. This effect was small and 
appears to be the increase in saturation induction 
to be expected on ordering.” ” 

The residual induction behavior was markedly 
influenced by the field condition during annealing, 
Figs. 1, 2. For the condition of no applied field, the 
ratio of residual to saturation induction remained 
essentially constant for short annealing times but 
showed a significant increase at longer times. With 
increasing annealing temperature, less time was re- 
quired to produce this increase in the ratio. In the 
case of the 600°C anneals, the increase did not occur 
until approximately 20 hr, Fig. 1, while on anneal- 
ing at 740°C the increase was immediate, Fig. 2. 
Slight decreases in the ratio may be observed at 
100 hr for specimens treated at 720°C and at 1 hr 
for those treated at 740°C. 

Specimens annealed in a field of 20 oersteds 
showed a residual to saturation induction ratio con- 
sistently higher than that for the specimens an- 
nealed without the field. The first anneal with the 
field (%4 hr) caused an abrupt increase in the ratio 
at all temperatures; thereafter, the increase in the 
ratio was generally similar for specimens annealed 
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Fig. 2—Influence of annealing time at 720° and 740°C on 
the ratio of the residual induction, B,, to the saturation in- 
duction, B;. Average of three rings. 


with or without the field. After long annealing 
times, the ratio for specimens annealed with the 
field applied continuously increased to slightly 
greater vaiues than for those with the field applied 
on cooling only. 

The coercive force, Fig. 3, like the ratio of resi- 
dual to saturation induction, is a structure sensitive 
property but was found to be essentially independ- 
ent of the magnetic field condition during annealing. 
With the 600°C series, a high peak in coercive force 
was observed at 100 hr, which was the time of the 
sharp increase in ratio of residual to saturation in- 
duction, Fig. 1. For the 675° and 720°C treatments, 
the peak was at 10 hr. This time was approximately 
at the middle of the increase in ratio. In the series 
annealed at 740°C, the peak appeared to be at 4 
to % hr but was not pronounced. With progres- 
sively higher temperatures of heat treatment, the 
peak values of coercive force decreased linearly 
with temperature, Fig. 4, in the range of tempera- 
tures studied. 

Interesting results were derived from the magnet- 
ization curve by plotting the induction value at a 
field strength of one oersted as a function of anneal- 
ing time, Fig. 5. With the exception of the 740°C 
series, the induction values decreased at a time cor- 
responding closely to the peak value of coercive 
force for the particular annealing temperature. 

Representative linear magnetostriction values at 
a constant induction of 17,500 gauss are shown in 
Figs. 6 and 7. As the magnetostriction equipment 
was constructed to measure magnetostriction at 
given field strength rather than at given induction, 
these values were determined by selecting the field 
strength for the desired induction from the magnet- 
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on coercive force, H.. Field applied continuously; average of 
three rings. 


ization curve for each specimen and then deter- 
mining the magnetostriction for this field strength 
from the values of magnetostriction vs field strength. 
As this process requires a double graphical inter- 
polation, slight errors may have been introduced in 
the magnetostriction values. 

In general, it is seen that the magnetostriction 
was greater for the condition of no applied field. 
For the specimens annealed without the field, Fig. 6, 
the magnetostriction values showed a tendency to 
decrease in the range of % to 1 hr annealing time, 
increased to a maximum (quite abruptly for most 
temperatures) at approximately 1 hr, and then de- 
creased at longer times. For all specimens there 
appeared to be a second maximum at considerably 
longer times. 

In the case of specimens annealed with the field 
applied continuously, Fig. 7, the magnetostriction 
appeared to decrease more noticeably at short times; 
increased to an apparent maximum in the vicinity 
of the time for the start of increase in coercive 
force, Fig. 3; then seemed to decrease regularly. 

The intensity of the ordered line, an indication 
of the amount of ordered phase present, is shown 
in Table I. No ordered line was detected in the 
solution treated condition. Since the intensity ap- 
peared to be a function only of the temperature and 
time of anneal, the results are given as averages of 
different field conditions. The intensities generally 
increased with increasing time and temperature of 
anneal. A smoothed plot of these data is shown in 
Fig. 8. From a comparison of Fig. 8 and Figs. 1 and 
2, it appears that the variation in the intensity of 
the ordered line or amount of the ordered phase 
with time is similar to that observed for the ratio 
of residual to saturation induction of specimens 
annealed with the field. 


Discussion of the Course of the Ordering Process 


Two types of long range ordering processes have 
been postulated in the literature. The first is an 
interchange or rearrangement of atomic positions 
by means of thermal agitation“ and the second is 
the nucleation and growth of an ordered phase from 
a disordered phase.”” It has been suggested that 
both mechanisms may operate in the same system.” 
The results obtained in this investigation appear to 
be explained best on the basis of a nucleation and 
growth reaction, with perhaps a local atomic re- 
arrangement superimposed. 

Considering the coercive force, several investigators 
have postulated that peak values may be obtained 
as a result of strains introduced by the ordering re- 
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action." Tn the 50 pct Fe-50 pct Co alloy the 
coercive force behavior appears to result from strains 
associated with the coherent growth of the ordered 
phase. At low temperatures such as 600°C, initial 
ordering by atomic interchange, if it does occur, 
could only take place to a small extent, thus a com- 
paratively large degree of disregistry between the 
two phases would exist during nucleation and 
growth. High strains and a high coercive force peak 
result. At higher temperatures local rearrangement 


could produce a higher degree of initial ordering. 


The resulting smaller degree of disregistry between 
the two phases during nucleation and growth may 
account for the lower coercive force peak. This 
lower value of coercive force may, however, also be 
attributed to the easier loss of coherency or relief 
of strains at higher temperatures. At higher degrees 
of order, coherency is gradually lost, the strains 
decrease, and the coercive force decreases. The direct 
relation between the peak coercive force value and 
the annealing temperature seems to confirm the 
general picture presented. In addition, the low 
values of induction on the magnetization curve ap- 
pearing with the coercive force peaks at 600°, 675°, 
and 720°C may be associated with the strained 
structure. 

Considering the magnetostriction data, decreases 
in the values may be associated with the formation 
of more 180° domain boundaries as a result of the 
applied field*” and with the relief of quenching 
strains.” Increases in the magnetostriction may be 
attributed to ordering,” ” ** while the exact effect 
of coherency strains is uncertain but apparently in- 
fluential. 

The data on the intensity of the ordered line are 
in general in accord with this picture of the order- 
ing process. The increase in intensity of the ordered 
line even after very short time anneals may result 
from the existence of a degree of short range order 
in the quenched alloy.” *” ** This might facilitate 
rapid attainment of a certain degree of long range 
order by atomic rearrangement. The subsequent 
’ increase in the intensity of the ordered line with 
time may be primarily associated with the nuclea- 
tion and growth process. 


Discussion of the Response to Magnetic Anneal 
The attainment of maximum values in the ratio 
of residual to saturation induction in the 50 pct Fe- 
50 pct Co alloy appears to depend on two conditions. 
First, a high degree of long range order seems to be 
necessary to give the maximum ratio in this alloy, 
although in the permalloy system this may not be 


xAVERAGE 
VALUES 
Fig. 4—Influence of 
O annealing tempera- 
ture on peak value 
5 a of coercive force, He. 
o (@) 


550 600 650 700 750 


ANNE ALING 
TEMPERATURE, °C 


TRANSACTIONS AIME 


the case.™ * Second, a magnetic field must be applied 
continuously during the annealing in the order 
range, since the presence of the field throughout the 
annealing cycle yields a slightly higher ratio after 
long time anneals than during cooling only. 

It is apparent from Figs. 1 and 2 that the ordering 
process, even in the absence of a magnetic field, has 
a significant influence on the ratio of residual to 
saturation induction, although the increase in ratio 
does not appear to be consistently related to either 
the degree of order, the change in saturation induc- 
tion, or the magnetostriction change. The increase 
in ratio does appear to correspond to the initial 
changes in coercive force. The fact that the increase 
in the ratio of residual to saturation induction does 
not disappear as the coercive force decreases sug- 
gests that the relation is an indirect one. It appears 
possible that ordering in the 50 pct Fe-50 pct Co 
alloy is associated with the development of mag- 
netic anisotropy both as a result of the ordered 
structure per se and as a result of deformation 
caused by the coherency stresses during formation 
of the ordered phase. Such anisotropy might be 
expected to interfere with the ease of movement of 
domain boundaries (particularly 90° boundaries) © 
and thus to increase the ratio of residual to satura- 
tion induction. 

The primary influence of the magnetic field dur- 
ing heat treatment is to increase the ratio of resid- 
ual to saturation induction at the shortest anneal- 
ing times, the actual increase depending significantly 
upon the annealing temperature. At longer anneal- 
ing times, the influence of the field as measured by 
the increment of improvement in the ratio of resid- 
ual to saturation induction remains essentially con- 
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Fig. 5—Influence of annealing time at various temperatures on 
the magnetic induction, B, at a field strength, H, of 1 oersted. 
Field applied continuously; average of three rings. 
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Fig. 6—Linear magnetostriction at induction of 17,500 gauss for 
specimens annealed without a field ys annealing time. 
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Fig. 7—Linear magnetostriction at induction of 17,500 gauss for 
specimens annealed in a 20 oersted field vs annealing time. 
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Fig. 8—Influence of annealing time at various temperatures 
on the intensity of the ordered line, in terms of equivalent 
exposure time in hours of a nearly fully ordered specimen. 
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stant. It therefore appears that the improvement 
caused by the presence of the field is additive to 
that associated with the ordering by nucleation and 
growth. 

The presence of the magnetic field should produce 
a structure with fewer 90° domain boundaries. If, 
in addition, the magnetic field causes a further in- 
crease in magnetic anisotropy by deformation from 
magnetostrictive stresses at the annealing tempera- 
ture, the improvement in the ratio of residual to 
saturation induction might be expected. 

For the 675° and the 720°C heat treatments, the 
increase in ratio was slightly greater with a field 
applied continuously than with the field applied on 
cooling only at extended annealing times. This does 
not appear to result from an increase of rate of 
ordering in the presence of the field,“ “ since the 
coercive force peaks and the changes in the induc- 
tion on the magnetization curve occurred after the 
same time of annealing regardless of the field con- 
ditions. It further appears that this result is not 
attributable to insufficient time at temperature to 
produce the maximum decrease of 90° domain 
boundaries when the field was applied on cooling 
only. This explanation was refuted by annealing 
specimens for 180 hr at 675°C with the field applied 
on cooling only, followed by 1 hr at 675°C with the 
field applied continuously. These specimens were 
found to have the same magnetic properties at the 
end of 181 hr as at the end of the 180 hr of anneal- 
ing. The results might be explained, however, by 
assuming that the field has a slight effect on the 
orientation or shape of the ordered phase.” * ” The 
development of the ordered phase by nucleation 
and growth (with the field appled continuously) 
in a preferred direction or with shape anisotropy 
could cause an increase in the ratio. The specimens 
treated with the field applied on cooling only would 
not be effected by this and would parallel those 
treated with no field. 


Relation Between Ordering and Response to 
Magnetic Anneal 

Unfortunately, the data do not lead to a definite 
conclusion regarding the interrelation between the 
magnetic field influence and the ordering process. 
Since the influence of the magnetic field is apparent 
for the shortest annealing times and lowest anneal- 
ing temperature (600°C) before any high degree of 
order is established, it might appear that crystal 
order is not essential to the improvement in ratio 
caused by the magnetic field. Furthermore, since 
the increment of improvement in the residual to 
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saturation induction ratio caused by the magnetic 
field appears almost constant for various annealing 
times (the curves representing the ratios obtained 
with and without the field are essentially parallel 
after 1% hr), it appears that changes in the degree of 
order through nucleation and growth do not notice- 
ably influence the contribution made by the field. 
On the other hand, it can be argued that, as some 
degree of crystal order was always present after the 
first anneal, the data presented do not answer the 
question as to whether there is any direct relation 
between ordering by local rearrangement or short 
range order and a response to annealing in a mag- 
netic field. 

In any event, it appears on the basis of this study 
that the presence of crystal order is desirable for a 
maximum ratio of residual to saturation induction 
on heat treatment in a magnetic field. 


Conclusions 


Several general conclusions may be drawn con- 
cerning the isothermal ordering and magnetic an- 
nealing of the 50 pet Fe-50 pct Co alloy: 

1—During the ordering process, the coercive force 
goes through a maximum. This is apparently the 
result of strains associated with the coherent nuclea- 
tion and growth reaction. The maximum value is 
inversely proportional to the temperature of the 
ordering anneal in the range of temperatures studied. 

2—The maximum increase in the ratio of residual 
to saturation induction from the solution treated 
condition is associated with annealing to a high 
degree of order with the continuous application of 
a magnetic field. These two effects appear to be 
additive. 

3—The increase in ratio associated with the pres- 
ence of the external field might be explained on the 
basis of: A—a decrease in 90° domain boundaries 
resulting from the applied magnetic field and, per- 
haps, B—an increase in anisotropy as a result of 
lattice distortion established at the annealing tem- 
perature by magnetostriction, and possibly other 
effects, and retained upon cooling. 

4—A further slight increase in the ratio might 
result from the ordered phase being caused to de- 


Table I. Influence of Annealing Time at Various Temperatures on 
: the Intensity of the Ordered Line 


Intensity of the Ordered Line,* 
at Various Annealing Temperatures 


Annealing 
Time, Hr 600°C} 675°Ct 720°CS§ 740°C} 
0 0 0 0 0 
Vs 2 5 6 1/3 7 
3 5 71/6 7 
1 3% 6% 61/2 6% 
2 1% 6 
5 4% 5% 7 8% 
10 4% 71/6 
20 5 7 75/6 Ty, 
50 5% 8 5/6). _ 
95 6% — 
100 71/2 — 
200 TY, 8 1/6 


* Intensity measurements of the ordered line (300) were made 
by comparing visually the diffraction patterns obtained on each 
specimen, using a constant exposure time of 7 hr, with a set of 
standard patterns previously prepared by exposing a nearly fully 
ordered specimen for different lengths of time. The values of in- 
tensity given for various annealing treatments are thus the equiva- 
lent exposure time in hours for a nearly fully ordered specimen. 

+ Average of two series: no field and field continuously. 

PN gteee of two series: field on cooling only and field contin- 
uously. 

§ Average of three series: no field, field on cooling only, and field 
continuously. 
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velop by the field in a preferred direction or with 
shape anisotropy. 
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Further Observations on Yield in Single Crystals of Iron 


by Paxton-and Bear 


Studies have been made of the method of propagation of yield in iron single 
crystals in the range of 205° to 295°K by microscopic and X-ray techniques. The 
results show yielding in two stages, of which the second corresponds closely to the 


Liiders extension in polycrystalline iron. 
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eeeurees macroscopic markings on the polished 
surface of a polycrystalline mild steel test piece 
during the lower yield extension were first observed 
by Liiders.* The lower yield stress was not very con- 
stant. Sylvestrowicz and Hall’ showed that it was 
possible to obtain a constant lower yield stress by 
using a specimen in the form of a moderately flexible 
thin strip; the macroscopic markings in this case then 
appeared as a band of deformation (Liiders’ band) 
which propagated steadily from one or occasionally 
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Fig. 1—Diagram of grips used to attach specimen to straining 
shackles. 
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Fig. 2—Specimen 2 (see Fig. 5), electropolished surface, ex- 
tended at 22°C. 


both of the grips. The shear behind the band front 
was constant and equal to the magnitude of the 
lower yield strain. When the band or bands had 
completely covered the specimen, the stress-strain 
curve began to show work hardening. 

The purpose of the experiments described sub- 
sequently was to investigate metallographically the 
corresponding behavior in single crystals of a-iron 
and in addition to examine some of the crystal- 
lographic aspects of the yield process. 


Experimental Details 

The lower yield extension in single crystals of 
iron at room temperature is small, about 0.5 pct. 
However, it has been shown by Churchman and 
Cottrell’ and Paxton and Churchman‘ that at about 
—70°C the magnitude of the lower yield extension 
in crystals grown from Swedish Armco iron is in- 
creased to about 3 pct. These crystals were round 
and thus not very suitable for metallographic exam- 
ination. 

For the present work, crystals with a rectangular 
cross-section about 3x1 mm and of lengths up to 
25 cm were prepared by a strain-anneal method 
previously described.* The material was Armco iron 
supplied by The British Iron and Steel Research 
Assn. with the analysis given in Table I. 

An interesting observation was made during the 
preparation of these crystals. In general, round iron 
crystals grown by the strain-anneal method have a 
film of surface grains which must be etched away 


Table I. Analysis of Armco Iron 


Element Pet 
0.027 
Si 0.02 
Mn 0.05 
0.028 
Ni 0.072 
0.01 
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Fig. 3—Specimen 7, electropolished surface extended at 
—68°C. 


to display the single crystal underneath. The present 
strip crystals had no such layer. Crystals grown by 
Mouflard and Lacombe’ from nondecarburized strip 
also showed no surface grains, though those of 
Holden and Hollomon’ from decarburized strip con- 
tained a surface film of such grains about 0.01 in. 
thick. 

A small number of included grains of about the 
same size as that of the original grains were dis- 
tributed throughout the volume of each crystal. Pre- 
sumably these are grains of such orientations that 
they are not readily absorbed, i.e., those of closely 
similar orientations and those nearly in twin rela- 
tionship. In none of the experiments was there any 
evidence that these grains caused spurious effects 
other than slight stress concentrations which enabled 
yield to begin occasionally at these grains. 

Since the crystals were decarburized before being 
grown, about 0.003 pet carbon was reintroduced be- 
fore testing in order to bring out the yield phenom- 
enon.’ Specimens were soft soldered axially into 
close-fitting slots in steel end pieces, as shown in 
Fig. 1. These end pieces were attached to spherical 
seatings on the straining shackles by flexible Bowden 
cable. The crystals were extended at a strain rate 
of 10° per sec in’a Polanyi-type hard beam testing 
machine. Temperatures between 0° and —70°C were 
attained by a bath of alcohol and solid carbon dioxide. 
Variation of temperature during a test was +1°C. 

The specimens were usually tested with one or 
other of three surface conditions: 1—the as-grown 
surface, after etching with a saturated solution of 
ammonium persulphate to reveal crystal boundaries; 
2—a surface given a standard metallographic treat- 
ment, finishing with British Iron and Steel Research 
Assn. ferrous polishing cream on a Selvyt pad; and 
3—an electropolished surface. The crystal was first 
polished metallographically to 400 grade Carborun- 
dum paper and then about 50 to 100 # Of metal was 
removed by electropolishing in a bath of perchloric 
and acetic acid. The microhardness of a typical sur- 
face given this treatment was Vpn 74 (a mean of 
20 readings) against a Vpn of 116 for a different 
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section of the same crystal given the standard metal- 
lographic treatment. 

It has been shown previously’ that at room tem- 
perature the condition of the crystal surface can 
affect the distribution of slip lines markedly. Ona 
surface of type 2, the slip lines are well defined and 
spaced about 20 » apart; on a type 3 surface they are 
difficult to resolve and have a maximum spacing of 
about 2 


Table Il. Experimental Data on Iron Crystal Specimens 
Specimen Tempera- Lower Yield 
No. ture, °C Point Exten- 
sion, Pct Surface Condition 
il 20 VW, Electropolished 
2 20 Vy Electropolished 
3 —45 6 Electropolished 
4* —45 2 Electropolished 
5 —68 15 Electropolished 
6 —68 13 Electropolished 
7 —68 Electropolished 
8 —68 5 As grown, etched, oxidized 
9 —68 14% Electropolished 
10 —68 842 Electropolished 
—68 Electropolished 
12* —68 5 Electropolished 
13 —68 7 Mechanically polished 


* Showed slip on two systems. 


The increase in upper yield stress and the lower 
yield extension of annealed single crystals as the 
temperature is lowered is well shown by the typical 
stress-strain curves shown in Figs. 2, 3, and 4. For 
these experiments, three specimens were cut from 
a single crystal, indicated as 2, 7, 8 in Fig. 5, so as 
to have identical orientations with respect to the 
tensile axes. Specimen 2, shown in Fig. 2, was electro- 
polished and extended at 22°C. A very slight upper 
yield point was observed, followed by a steady rate 
of work hardening. Specimen 7, shown in Fig. 3, 
was also electropolished, but extended at —68°C. 
The lower yield stress is increased to 12.6 kg per 
mm? and the lower yield extension is 714 pct, equiv- 
alent to a glide strain® of about 15 pct. Specimen 8, 
shown in Fig. 4, after etching the as-grown surface, 
was oxidized by treatment in steam for 30 min be- 
fore straining. While the lower yield stress was 
almost identical with that of specimen 7, i.e., 12.7 
kg per mm’, the lower yield extension was reduced 
to less than 5 pct, showing that the magnitude of 
the lower yield extension thus depends on both tem- 
perature and surface condition. 
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Fig. 4—Specimen 8, surface etched in saturated’ ammonium per 
sulphate, then heated in steam for 30 min, extended at —68°C. 
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Several repeat experiments established that the 
very large lower yield extensions were a character- 
istic of electropolished crystals of rectangular cross- 
section strained at temperatures around —68°C. 

Specimen 13, of different orientation to 2, 7, and 8, 
which had a mechanically polished surface, also 
showed a fairly large lower yield extension. Un- 
fortunately, no other crystal could be used to pre- 
pare two specimens of identical orientation to make 
a direct comparison between mechanically polished 
and electropolished surfaces. Microscopic examina- 
tion of the progress of yield indicated no differences 
in mechanism. Table II shows that there is a de- 
pendence of lower yield-point extension on orien- 
tation, but the physical basis of this is not clear. 

Two specimens with electropolished surfaces were 
strained at —45°C and showed very similar behavior 
to those extended at —68°C. The lower yield stress 
was somewhat less, about 7.5 kg per mm’. The lower 
yield extension was about 6 pct for specimen 3 
which showed a single set of slip lines and about 
2 pet for specimen 4 which slipped on two well 
marked systems. 

Because of these large extensions at the yield 
point, it was quite possible to stop the test at inter- 
vals and examine the specimen metallographically 
and with X-rays. Aging the specimen after inter- 
rupting the lower yield extension caused a large 
upper yield point to return with a subsequent load 
drop to the same lower yield stress as before. The 
same behavior has been observed in polycrystalline 
iron by Sylvestrowicz and Hall.’ A typical interrupted 
stress-strain curve is shown in Fig. 6. 


Fig. 5—Orientations 
of the crystals tested. 
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Fig. 6—Interrupted stress-strain curye on specimen 5. Between 
a and b and b and c, the specimen was removed from the machine 
and fully aged. After c and d, the specimen was unloaded, but not 
allowed time to age. 
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Fig. 7—Specimen 13. a, first test (0.05 pct extension); b, aged 2¥2 hr at 20°C, stopped, 
partially unloaded, and immediately retested, 0.15 pct total extension; c, aged 1'2 hr at 
20°C, 0.75 pct total extension; d, aged 20 min at 20°C, 1.85 pct total extension; and e, 
aged 17 hr at 20°C, 3 pct total extension. X4. Area reduced approximately 20 pct for re- 


production. 


Primary and Secondary Bands of Deformation 


The metallography of the deformation is com- 
plicated and varies slightly from specimen to speci- 
men. However, a general picture can be given. In 
the very early stages of deformation, before the 
upper yield point is reached, “primary bands” of 
slip appear at intervals of 20 to 50 uw. These primary 
bands usually form first at the grips, the most obvious 
stress concentrators, although one case was noted in 
which they began in the center of the specimen. As 
might be expected, this specimen showed a very high 
upper yield point. With further deformation the 
primary bands propagate along the specimen as 
shown for specimen 13 in the series of pictures in 

In addition to the propagation of the primary 
bands, a second deformation front passes through the 
specimen and corresponds to the passage of a Luders’ 
band through a polycrystalline specimen, i.e., after 
the passage of the front, the full lower yield exten- 
sion has taken place in the material. 

As the second band passes through them, the areas 
between the primary bands fill in with slip lines of 
apparently identical type to those in the primary 
bands. The specimen thus necks down and a meas- 
urement of reduction of area shows that the lower 
yield extension is complete in these portions. When 
the second deformation front has passed completely 
through the specimen, work hardening begins to be 
shown on the stress-strain curve. 

Usually more than one second deformation front 
occurs in the specimen. Typically one starts at each 
grip and occasionally a third begins in parts of the 
specimen remote from the grips and propagates in 
both directions. The essential picture is not altered 
by this complication, and the whole deformation still 
takes place at very nearly constant lower yield stress. 

This will be seen from the stress-strain curve of 
specimen 13, as shown in Fig. 8. It will be observed 
that a pronounced upper yield point is present 
(curves b and c), whereas the specimen shows some 
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plastic deformation after an extension of about 0.05 
pet (curve a) in which it was not stressed to the 
upper yield point. It is a characteristic of single 
crystals of iron to show some plastic deformation 
before yielding. This is presumably due to lack of 
straightness in the specimen, and to slight nonaxiality 
of testing, since specimens which have been given 
a preliminary stressing just below the upper yield 
point followed by an aging treatment show no de- 
tectable plastic deformation before yielding’ in a 
subsequent. test. 

Each of the primary bands at —70°C consists of 
three or four approximately parallel sets of slip lines 
with a spacing of about 2 w. The slip lines are not 
continuous along their length as viewed in the optical 
microscope, and each short length is conveniently 
referred to as a slip packet. 

The primary bands do not appear to form on any 
specific plane. Indeed they are often not parallel 
and branch occasionally, as shown in Fig. 7a and b. 
They usually start.at one edge of the crystal and 
spread across with increasing strain. It seems likely 
that they are essentially a delineation of lines of 
stress concentration in the specimens—complex near 
the grips because of bending and more uniform 
towards the center of the specimen. They are usually 
approximately parallel to the trace of the plane of 
maximum resolved shear stress although deviations 
from this trace on the polished surface of up te 10° 
are common. Each primary band always contains 
more than one row of slip packets even when sep- 
arated by as much as 1 mm from its nearest neigh- 
bor, 

At room temperature and —15°C, it is difficult to 
resolve slip lines in the primary bands, although 
these bands can be seen quite readily with the 
naked eye or at very low magnifications. They form 
all over the specimen at very small strains (0.1 pct) 
and are just as branched and noncrystallographic 
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as are the bands formed at —68°C, which may not 
cover the entire specimen until strains of order 4 pct 
have been reached. No experiments were carried out 
above room temperature. 

The advance of the primary bands in front of the 
main deformation means that the band front is not 
sharp. This has also been observed in coarse grained 
polycrystalline iron by Hall.” The band front is 
sharp to within a single grain diameter in fine 
grained material. 


X-Ray Examination 

The yield process also can be conveniently fol- 
lowed by X-ray Laue back-reflection photographs. 
Fig. 9 shows the position of the tensile axis of crys- 
tals 5 and 6. Both these crystals were electropolished 
and extended at —68°C. Specimen 5 showed ideal 
behavior in that a single second deformation front 
moved progressively through the crystal from one 
grip; specimen 6 had more than one interface lead- 
ing to reduction of area in three different places. 

The stereogram shows the position of: T,, the orig- 
inal axis; T., the axis in a section showing only pri- 
mary bands (i.e., no reduction of area); and T;, the 
axis in a position through which the secondary band 
has passed. Both specimens deformed by single slip, 
as can be predicted from the position of T,;. T, is 
almost coincident with T,, while T; is rotated con- 
siderably along the great circle joining T, with the 
operative [111] slip direction. 

The lattice rotation can be calculated from the 
well known expression® 


sin 


where \, is the angle between T, and [111], \, is the 
angle between T, and [111], and « is the strain. 

The slip plane is here taken as the plane of max- 
imum resolved shear stress. With specimen 5, the 
rotation corresponds to 13+3 pct lower yield exten- 
sion if +1° is allowed as the error in angles. The 
actual extension was about 15 pct which is as good 
agreement as can be expected. For specimen 6, the 
calculated value of the lower yield extension from 
the lattice rotation was 12.5+2.5 pct. The experi- 
mental value was 13 pct. 

The photographs obtained for T, and T, showed 
round spots with no asterism; T, showed slight in- 
tensity maxima in the spots. The spots obtained on 
the film for T,; showed considerable asterism and 
nonuniform intensity. 
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Fig. 8—Specimen 13 strained to various amounts as shown, corre- 
sponding to interruptions shown in Fig. 7. 
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Dislocation Loops 

The nature of the slip bands produced at —70°C 
is interesting. Each of the slip packets, presumably 
coming from a single Frank-Read source” of dis- 
location loops, is about 10 to 20 p» long if it appears 
on a face corresponding to the outcrop of mainly 
the edge component of the loops and of a length 
several hundred microns where screw components 
appear on the surface of the crystals. 

Thus there is the picture of long narrow disloca- 
tion loops first predicted by Mott” and recently also 
demonstrated by Chen and Pond” in aluminum single 
crystals by cine-camera studies. The reason for 
these is presumed to be that, when the screw com- 
ponent of a loop cuts intersecting screw dislocations, 
a trail of vacancies or interstitial atoms is left (de- 
pending on the sign) and thus a considerable amount 
of energy is required to continue motion of the 
screw. When an edge dislocation cuts other dis- 
locations, however, only a single jog (a displacement 
of part of the dislocation line by an amount equal 
to the Burgers’ vector of the intersecting disloca- 
tion) is formed and the extra energy needed for 
movement to continue is not very great. Thus edge 
components of the loops should be considerably more 
mobile, and if approximately round loops are formed 
at the Frank-Read sources, they rapidly become ex- 
tended in the direction of the Burgers’ vector of the 
loop. 

Discussion 

The period of low work hardening after the upper 
yield point is similar in some ways to the period of 
easy glide observed in high purity single crystals of 
aluminum,*” gold,” silver,” and the hexagonal- 
close-packed metals.” It is possible that the yield 
elongation and the period of easy glide are both 
manifestations of some deformation process about 
which nothing is yet known. The metallography of 
easy glide does not appear to have been sufficiently 
closely studied to indicate whether deformation 
propagates as in the yield process or whether the 
density of slip bands in any given part of the speci- 
men increases fairly steadily. 

The idea that work hardening is produced by de- 
formation bands has been proposed by Honeycombe” 


SPECIMEN 5 


SPECIMEN 6 


Fig. 9—Showing position of initial tensile axis T,, position 
after passage of the primary bands T,, and position after 
passage of the secondary band T,. 
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and others. In this work these could not be observed 
metallographically on a section which has been 
traversed by the secondary band, although asterism 
is noted in the back-reflection Laue patterns. It has 
been shown that deformation bands cause asterism, 
but the converse does not appear to be necessarily 
true. No asterism or deformation bands were noted 
in Honeycombe’s cadmium crystals or Lucke and 
Lange’s aluminum crystals during the easy glide 
period. 

The work of Holden and Kunz” on specimens de- 
formed entirely at room temperature is similar in 
many respects to the present work. However, their 
observations of the sharpness of the yield point be- 
ing affected by orientation at 25°C did not appear to 
be true at —68°C, although not as wide a range of 
orientations is represented here. All specimens 
tested in the authors’ work at the lower temperature 
showed a well defined sharp upper yield point. Thus, 
no correlation could be observed between slip dis- 
tance and shape of the stress-strain curve. 

Their observation of very localized flow during 
early stages of the yield process is confirmed by the 
present work; it was more clearly visible in this 
study at the lower temperature, since the slip dis- 
tance on the electropolished surfaces used appeared 
to be considerably greater than at room temperature. 
Insufficient metallographic work has been done on 
decarburized crystals to compare results. No figures 
are available in Holden and Kunz’ paper to enable 
exact comparison of lower yield extensions, although 
in one of their crystals the load was still dropping at 
4 pct strain; hence the magnitudes are roughly equal. 


Conclusions 


The results of experimental data presented in this 
paper can be summarized as follows: 

1—The lower yield extension in single crystals of 
iron is similar in many ways to that in polycrystalline 
iron. It depends markedly on temperature and on 
the surface condition of the specimen and to some 
extent on the orientation of the specimen relative to 
the tensile axis. 

2—Deformation takes place in two distinct stages 
here termed primary and second bands. Primary 
bands form before the upper yield point and extend 
along the specimen causing little total deformation. 
The secondary bands correspond closely to Liiders’ 
bands in polycrystalline iron and are responsible for 
the great majority of the extension. 

3—The secondary bands cause marked asterism 
and a lattice rotation consistent with the observed 
macroscopic deformation. 

4—The dislocation loops which are formed are 


approximately rectangular in shape, as predicted by 
theory. 

5—The relation, if any, between yielding and easy 
glide is not yet clear. 
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Technical Note 


Diffusion of Co” and Fe” in Cobalt 


by H. W. Mead and C. E. Birchenall 


ELF-DIFFUSION of cobalt has been investi- 
gated by Ruder and Birchenall,”? Nix and 
Jaumot,’ and Gruzin.* The results for a given tem- 
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perature differ by a factor of about six in the ex- 
treme cases with no really close agreement between 
any two sets of data. The first two groups of in- 
vestigators employed the decrease of surface activ- 
ity method. Since Ruder and Birchenall have shown 
that the values obtained from this method are sensi- 
tive to the surface preparation, it seemed desirable 
to perform a few check experiments by a method 
not open to this objection. 
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The cobalt used in this investigation was the 
same as that employed by Ruder and Birchenall, 
containing 99.9+ pct Co. Disks of cobalt, 1 in. 
diam and 1/8 to 1/16 in. thick, were ground 
through 4/0 emery paper on one face each. Half of 
the disks were electroplated with either Co” or 
Fe”. Co” was plated from a cobalt sulphate solu- 
tion made slightly alkaline with ammonia. Fe® was 
plated from ferrous oxalate solution. Welding and 
annealing techniques were similar to those de- 
scribed elsewhere.’ Each active disk was welded in 
an atmosphere of argon to an inactive disk. Diffusion 
anneals were performed in tube furnaces controlled 
within +2°C in an atmosphere of hydrogen. The 
specimens were packed in cobalt chips inside an 
iron crucible. After diffusion thin layers were 
machined from the specimen. Chips for the deter- 
mination of Co” activity were dissolved in acid and 
diluted with water to give a total solution volume 
of 250 ml. A liquid jacketed counter with an an- 
nular volume of 35 ml was filled three times with 
the solution and allowed to drain. The fourth charge 
was counted. The time to give 4096 counts was re- 
corded and corrected for background activity. All 
counting rates were less than 1000 counts per min. 
However, the somewhat larger than usual statistical 
counting error probably affected the diffusion co- 
efficient very little. Cobalt chips for the determina- 
tion of Fe” were dissolved. To the solution, 10 mg 
of inactive iron were added in the form of ferric 
chloride. The iron was precipitated as hydroxide, 
filtered, washed, and again dissolved and precipi- 
tated. The filtered precipitate was redissolved and 
plated onto blanks from ferrous oxalate solution.° 
The samples were counted with an X-ray sensitive 
tube. The time for 12,288 counts was recorded and 
corrected for background and coincidence losses. All 
results were normalized to constant sample weight. 
Diffusion coefficients were calculated by the method 
of Johnson,’ and the results are given in Table I. 
The cobalt self-diffusion measurements from all 
available sources are compared in Fig. 1. 

In their studies of iron self-diffusion in wustite, 
Carter and Richardson‘ have shown that the forma- 
tion of surface crystallites during deposition of the 
radioactive tracer or during the early stages of the 
diffusion anneal may lead to very low results. Crys- 
tallites which were observed on the surface of 
cobalt specimens under conditions similar to those 
employed by Ruder and Birchenall’ for self-diffusion 
measurements on electropolished specimens may ac- 
count for their very low values. Their other results’ 
on etched specimens agree reasonably well with the 
extrapolation of the present data. This agreement 
seems to support Carter and Richardson’s belief 
that Ruder and Birchenall’' gave too much weight to 
the effect of surface roughness in explaining the 
differences in diffusion coefficients obtained on sur- 
faces polished in different ways. If it is accepted 
that the results on electropolished samples are low 
due to activity bound at the surface during diffu- 


Table i Diffusion Coefficients for Co® and Fe™ in Cobalt 


Diffusion Coefficients, 


Time of Tempera- ne Sq Cm per Sec 
one for Co for 
3.568x108 1104 7.26x10-4 1.29x10-41 2.47x10-4 
6.048x10° 1211 6.73x10-4 9.98x10-11 
3.348x105 1303 6.33x10-+ 4.58x10- 

8.730x104 1406 5.95x10-4 1.28x10-% 
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x 10* 
sion, the proportion bound is fairly constant from 
one sample to another. This suggests that the sur- 
face crystallites may have formed by the hydrogen 
reduction of an oxide film of nearly constant thick- 
ness left by the electropolishing procedure. 

While the results of Nix and Jaumot® may be 
affected by surface hold-up, the exponential absorp- 
tion curves they reported for Co” radiations may 
also be a source of error. Berkowitz*® reports new 
measurements on the absorption of Co” radiations 
which are similar to those of Ruder and Birchenall.* 

Gruzin’s* procedure should have revealed any 
surface hold-up in his specimens. The fact that his 
results are appreciably higher than those reported 
here may be due to the impurities contained in his 
98.4 pct Co. 

The present results yield the following equation 
for self-diffusion in 99.9+ pct Co 


D = 0.83 e(—67,700/RT) sq cm per sec. 


The activation energy is close to that reported by 
Nix and Jaumot.’ 

The diffusion of iron in dilute solution in this 
cobalt may be represented by 


D = 0.21 e(—62,700/RT) sq cm per sec. 
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Grain Boundary Diffusion of Nickel into Copper 


by S. Yukawa and M. J. Sinnott 


A high resolution autoradiographic study of the diffusion of a nickel isotope (Ni®**) 
into copper in the temperature range of 650° to 925°C, with particular emphasis on 
grain boundary diffusion, has been made. The extent of grain boundary diffusion 
is a function of the grain boundary angle and the diffusion temperature. The ratios 
of the grain boundary diffusion coefficient to the lattice diffusion coefficient ranges 
from 104 to 105. The activation energy for grain boundary diffusion decreases with 


increasing grain boundary angle. 


TUDIES and reviews'® of metallic diffusion have 

indicated that grain boundary diffusion is a 
common phenomenon but quantitative studies of the 
many variables involved are not numerous. The 
present work was concerned with determining the 
influence of the crystallographic orientation of the 
grain boundaries and the temperature on the extent 
of boundary diffusion of nickel into copper. The 
study involved essentially three steps: 1—the pro- 
duction of grain boundaries of known crystallo- 
graphic orientation, 2—the determination of the ex- 
tent of diffusion into the boundaries, and 3—the 
analysis of the resulting data in terms of the usual 
diffusion concepts. 

The grain boundaries investigated approximated 
the simple tilt variety having 1° of freedom. They 
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were produced by controlling the solidification from 
a melt of Cuprovac (a high purity vacuum-melted 
copper obtained from Vacuum Metals Corp.) of a 
pair of seed crystals so that the bicrystals of copper 
produced had a common <100> axis. By rotating 
one seed crystal relative to the other, a simple tilt 
boundary was produced. The angle of rotation be- 
tween the two crystals is the grain boundary angle 
0, or what is sometimes termed the misfit angle. In 
all, some 16 boundaries ranging from 2° to 72° in 5° 
to 10° steps were investigated. The crystallographic 
orientations were measured with the use of both 
X-ray and optical goniometric techniques. The 
<100> axes in the crystals were found to be parallel 
within 2° to 3° with the exception of one crystal 
(@ = 12°) in which the axes were 6° from being 
parallel. All bicrystals showed evidences of sub- 
grain structures. Laue analyses showed that these 
subgrains differed in orientation up to a maximum 
of 2°. Because of these variations, and some curva- 
ture in the boundaries, the grain boundary angles 
listed are actually average values and deviate from 
the 1° of freedom boundaries. 

The stripping film technique of high resolution 
autoradiography was used to detect the diffusion of 
the nickel isotope into the grain boundaries of the 
bicrystals of copper. Kodak experimental perme- 
able stripping film with an emulsion layer 5 p» thick 


* 


Fig. 1—Autoradiograph shows grain bound- 
ary diffusion of nickel into copper. Sample 
was diffused for 120 hr at 650°C. X500. 
Area reduced approx. 30 pct for reproduction. 


Fig. 2—Autoradiograph shows boundary dif- 
fusion of nickel into copper after diffusion 
for 144 hr at 650°C. © = 15°. X500. 
Area reduced approx. 30 pct for reproduction. 


996—JOURNAL OF METALS, SEPTEMBER 1955 


Fig. 3—Autoradiograph shows boundary dif- 
fusion of nickel into copper after diffusion 
for 144 hr at 650°C. © = 31°. X500. 
Area reduced approx. 30 pct for reproduction. 
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Fig. 4—Autoradiograph shows boundary dif- 
fusion of nickel into copper after diffusion 
for 144 hr at 650°C. © = 45°. X500. 
Area reduced approx. 30 pct for reproduction. 


was used in all the studies. In practice, this film is 
placed in contact with the metal surface to be ex- 
amined after first coating the surface with a pro- 
tective film. It is exposed and processed intact with 
the metallographic surface so that in examining the 
microstructure the investigator looks through the 
photographic film and can obtain a direct correlation 
between the microstructure and the photographic 
emulsion. Fig. 1 is such an autoradiograph of a 
polycrystalline copper surface plated with radio- 
active nickel and diffused at 650°C for 120 hr. Note 
the penetration of the nickel into one boundary but 
not into the adjacent one. 

The diffusion data obtained were analyzed using 
Fick’s laws as simplified by Fisher,* and the more 
exact solution of Whipple,’ for the special case of 
grain boundary diffusion. The procedures used are 
discussed later. 

Experimental Procedure 

The copper bicrystals, 1 in. wide, %4 in. thick, and 
5 in. long were sectioned perpendicular to the 
growth direction, the 5 in. length, into slices approx- 
imately % in. thick using a thin silicon-carbide cut- 
off wheel, These slices were then heavily etched in 
HNO, to remove any disturbed metal which might 
recrystallize on the subsequent anneal. An anneal 
at 1000°C for 2 or 3 days was used to stabilize the 
grain boundaries. After this treatment, one of the 
flat surfaces, perpendicular to the grain boundary, 
was metallographically polished and then electro- 
polished in order to obtain a flat strain-free surface. 
A circular area, 3g in. diam, was plated with purified 
high activity Ni® isotope over the intersection of the 
grain boundary with the surface. The isotope was 
obtained from the Oak Ridge National Laboratory 
as NiCl, in HCl solution. It was purified and plated 
from an aqueous-ammoniacal sulphate solution to 
give a smooth, continuous, and adherent plate 1 to 
2 thick. 

The plated diffusion specimens were sealed in 
vacuum in Vycor capsules and placed in a tubular 
muffle furnace maintained at the desired diffusion 
temperature. Temperatures were measured with 
chromel-alumel thermocouples attached to the Vycor 
capsules and the maximum temperature variation 
which occurred during diffusion was +3°C. Diffusion 
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Fig. 5—Autoradiograph shows boundary 
fusion of nickel into copper after diffusion 
for 144 hr at 650°C. 6 = 66°. X500. 
Area reduced approx. 30 pct for reproduction. 


dif- Fig. 6—Autoradiograph shows nonperpendic- 
ular grain boundary diffusion. Sample was 
diffused 144 hr at 650°C. 6 = 31°. X500. 
Area reduced approx. 30 pct for reproduction. 


temperatures of 650°, 750°, 800°, 825°, and 915°C 
for times of from 10 to 144 hr were used. 

After diffusion, the samples were sectioned per- 
pendicular to the diffusion interface and the plane 
of the grain boundary, mounted, and prepared for 
metallographic examination. Electropolishing could 
not be used due to the rounding of the specimen 
edges, so polishing was carried out with silicon- 
carbide papers and powders with the final polishing 
being accomplished with Linde A and B powders. 
Alternate etching and polishing were used to remove 
the cold worked surface. After the final polishing, 
the sample was etched in a 20 pet ammonium per- 
sulphate-water mixture. The etched surface was 
then coated with a layer of Vinylite resin 1 p» thick to 
prevent reaction between the copper and the strip- 
ping film. The stripping film was then placed on the 
specimen and exposed for a period of five days. 
After exposure, the emulsion was _ developed, 
stopped, fixed, washed, and dried with the emulsion 
in situ on the specimen. Figs. 2 through 5 are typi- 
cal autoradiographs obtained by this technique on 
four different grain boundaries given diffusion treat- 
ment at 650°C for 144 hr. 

For the measurement of the depths of diffusion 
of the nickel into the copper, a calibrated eyepiece 
grid was used in conjunction with a Bausch and 
Lomb research metallograph which permitted 
measurements to be made to within 3 » which is the 
degree of uncertainty of the end point of the dif- 
fusion penetration. The outer edge of the nickel 
electroplate was used for a base line and the original 
thickness of the electroplate was subtracted from 
the measurement of both lattice and boundary pene- 
tration to obtain penetration measurements. The 
end point of penetration for both lattice and bound- 
ary diffusion was taken to be the point where the 
density of the developed silver grains became equal 
to the background, or fog density, of the emulsion. 
Since the exposure time was kept constant for all 
specimens, this means that penetration measure- 
ments were made to some constant value of nickel 
concentration. 

While it is possible to calculate approximately the 
minimum concentration of radioactivity required 
for an observed autoradiographic effect, it was felt 
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Table |. Depth of Nickel Penetration into Copper Along Bicrystal Grain Boundaries and in the Lattice” 


Tem- Penetration Along Boundaries of Indicated Misfit Angle, in 10-* Cm 
pera- Time, 
ture, °C Hr Specimen; ot 2 12 15 22 25 28 31 39 45 50 52 61 63 66 742 
650 144 A,cut No.1 
1st ARG 10 10 20 32 63 63 103 103 87|| 158 50|| 94|| 78 66|| 90 63 
2nd ARG 10 10 20 _— 60 113 88 95 106|| 175 57|| 88|| 107 88 135 75 
A, cut No. 2 
lst ARG 10% 10 44 60 100]| 106| 100|| 152 124 63]|| 103 100 72 
2nd ARG 60 85|| 97 95 66| 113}|' 150 104 91)| 70 95 75 
750 10.25 lst ARG 12 — 22 74 — 86 = 
750 41.3 Cut No. 1 
1st ARG 25°) 20 31 49 52 83 80 86 114 102 77|| 108 — 70 83 43 
2nd ARG 25 — 31 49 112 130 17 
Cut No. 2 
1st ARG 25 «25 40 52 68 74 92 105 70 130 3G 100 — 102 80 46 
2nd ARG 25 — 40 — 61 102 — 123 _ 138 61 — — 105 _— — 
800 73 1st ARG 28 — 34 _— 63 61 — 70 102 100 108 80 — 58 61 40 
2nd ARG 28 — 67 68 717 105 86 83 — 58 
825 84 1st ARG 106 — -_- — 115 123 150 147 132 181 145 138 132 130 130 _ 


* Measured autoradiographically from the Ni-Cu interface. 
+ ARG stands for autoradiograph. 
t+ Value from lattice diffusion measurement. 


|| Grain boundary does not meet interface perpendicularly. 


§ Absence of value indicates no measurable difference from lattice diffusion. 


that a more reliable determination should be made 
by preparing a series of alloys of varying radio- 
active nickel concentrations. Accordingly, alloys of 
nominal composition of 0.1, 0.01, and 0.001 wt pct of 
radioactive nickel were made up and autoradio- 
graphed. The results of this work indicated that the 
end point detectable above the background was 
0.005 wt pct. The activity of the surface of the al- 
loys was also measured with a windowless gas flow 
counter and these measurements were used to com- 
pute the approximate number of 8 particles emitted 
from a sample containing 0.005 pct Ni. The value 
obtained compared favorably with the value given 
by Towe’ as being necessary to give a density of 0.5 
above fog on Kodak autoradiographic plates. 


Results 

The extent of nickel penetration for both lattice 
and boundary diffusion for the various times and 
temperatures investigated are given in Table I. In 
some cases the diffusion specimens were sectioned 
at two different places; these are designated as the 
first and second cuts. Check specimens were also 
made on the 650°C diffusion series; the two sets of 
measurements for this temperature have been desig- 
nated as specimens A and B. On many surfaces, two 
sets of autoradiographs were made; the second set 
was made by repolishing, etching, and autoradio- 


graphing. Measurements of this type are identified 
as the first and second autoradiographs. 

In examining the autoradiographs, it was noticed 
that in several specimens the bicrystals did not 
meet the diffusion interface perpendicularly. Auto- 
radiographs of specimens in which this occurred 
always showed evidences of a high concentration of 
nickel in the concave side of the curvature. This is 
believed to be due to boundary migration occurring 
during the diffusion process although, if this oc- 
curred, the migration is in the opposite direction to 
the one expected. Fig. 6 is an illustration of this 
type of autoradiograph. Penetration measurements 
made on such boundaries are indicated in the table 
and in nearly all such cases these measurements are 
inconsistent with the data from boundaries perpen- 
dicular to the surface. 

Figs. 7 through 9 are plots of the penetration data 
to show the variation of the depth of penetration as 
a function of the grain boundary, or misfit, angle. 


Analysis and Discussion of Data 
Using Fick’s law of diffusion and assuming that 
the diffusion coefficient is independent of concen- 
tration, the following solution is obtained for a 
boundary condition such that the interface concen- 
tration of the diffusing material remains essentially 
constant at some value c, 


T 
0 : 1 
© A Gut No.1, Ist ARG = 
200 @ A GutNo.1, 2nd ARG C/ 2(D,t)°* | [1] 
wv A GutNo.2, Ist ARG 1 
Zz ° 5B IStARG. where Z, denotes the depth of lattice penetration 
for concentration c, t is time, and D, is the diffusion 
= x 
Z 120 re ve ES al Table Il. Summary of Calculations for the Lattice Diffusion 
= +, | Coefficients for the Diffusion of Nickel in Copper 
ewe Ng 
i WA o Diffusion 
Tem- Pene- Diffusion Coefficient, 
Ob perature, 104/T, tration, Time, Sq Cm 
°C 10-+ Cm 104 Sec per Sec 
fe) 20 40 60 80 650 10.83 10 51.9 5.86x10-14 
BOUNDARY ANGLE 750 9.77 25 14.9 1.28x10-12 
Fig. 7—Nickel penetration is given function of grain ndar : 30.2 1.17x10-1 
9 Pp given as a function of grain boundary 915 3.42 200 oe Toeeree 


angle. Samples were diffused for 144 hr at 650°C. 
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constant. From this equation it can be seen that, if 
penetration measurements are made to some fixed 
value of concentration c, the argument of erf c must 
always be a constant. For a given temperature, D, 
is a constant and therefore the depth of the lattice 
penetration at some fixed concentration will be pro- 
portional to the square root of the diffusion time. 

For penetration along a high diffusivity grain 
boundary, Fisher’s mathematical treatment can be 
used, but the assumptions and approximations in- 
volved should be noted. Fisher’s equation is 


c=c, exp — 
mt) (8D,)°"] erf X/2(Dt)°"] [2] 


where Z, is the depth of penetration along the grain 
boundary and X is the lateral distance from the 
grain boundary of width §. The value of 8 is arbi- 
trary and assumed to be temperature independent. 
D, is the grain boundary diffusion coefficient. The 
concentration of the diffusing material in the grain 
boundary is the same expression with the erf c term 
omitted as follows 


c =c, exp [—(4D,/nt)°* Z,/(8D,)°*]- [3] 


The main assumption involved in this expression is 
that a quasi-steady state is approached in the grain 
boundary region. For any given temperature, D, and 
D, will be constant. From Eq. 3 it follows that the 
depth of boundary penetration at some fixed concen- 
tration will vary as the one-fourth power of time if 
Fisher’s treatment is valid. 

Data for examining the time dependence of the 
depth of diffusion for both lattice and boundary are 
to be found in the results obtained on the 750°C 
diffusion specimens. The depths of penetration into 
the lattice and along grain boundaries for several 
boundary angles are shown plotted against the one- 
half power of the diffusion time in Fig. 10 and the 
one-fourth power of the diffusion time in Fig. 11. It 
can be seen that the penetration data for lattice 
diffusion and for a small angle boundary (@ = 15°) 
fit the one-half power relation very well, while the 
penetration data for the larger angle boundaries 
(6 = 39° and 50°) appear to fit the one-fourth power 
relation more closely, especially for the shorter dif- 
fusion times. It would seem that Fisher’s treatment 
of grain boundary diffusion is satisfactory for the 
large angle boundaries and relatively short diffusion 
times but not for small angle boundaries. The better 
agreement is to be expected at the large angle 
boundaries, since Fisher assumed that the grain 
boundary diffusion rate was very much greater than 
the lattice diffusion rate and this assumption is more 


T | 
© Cut No.1, Ist ARG 
200 @GutNo.!,2ndARG 
no GutNo.2, Ist ARG 
z ~ CutNo.2, 2nd ARG 
7 Non Boundary 
= 3 
Z 120 
e Yo 
= 80 [oJ 
40 
(0) 20 40 60 80 
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Fig. 8—Nickel penetration is given as a function of grain boundary 
angle. Samples were diffused for 41.3 hr at 750°C. 
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Fig. 9—Nickel penetration is given as a function of grain boundary 
angle. Samples were diffused for 13 hr at 800°C and 84 hr at 825°C. 


valid as the degree of misfit in the boundary in- 
creases. 

The observed proportionality of the depth of lat- 
tice diffusion to the square root of diffusion time 
does not necessarily validate the assumption of a 
diffusion coefficient being independent of concen- 
tration, as implied in the Eq. 1. 

In regard to lattice diffusion, it can be seen from 
Eq. 1 that the lattice diffusion coefficient can be cal- 
culated if the diffusion time and depth, at which the 
concentration ratio c/c, exists, are known. It will be 
assumed that the interface concentration of the 
nickel remains essentially constant at 100 pct in all 
of the specimens at the various diffusion tempera- 
tures. This assumption is probably more valid at the 
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Fig. 10—Penetration of nickel along copper bicrystal boundaries of 
several boundary angles is given as a function of the one-half 
power of the diffusion time at 750°C. 
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Fig. 11—Penetration of nickel along copper bicrystal boundaries of 
seyeral boundary angles is given as a function of the one-fourth 
power of the diffusion time at 750°C. 
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lower temperatures than at the higher tempera- 
tures. Since the sensitivity experiments had estab- 
lished that the concentration of nickel at the auto- 
radiographically determined penetration end point 
is 0.005 wt pct, the ratio of c/c, is then 0.00005 and 
the lattice diffusion coefficients can be calculated. 
The results are summarized in Table II. 

The diffusion coefficients are usually related to the 
diffusion temperature by the Arrhenius equation 


Log D = Log A — Q/2.303RT. [5] 


The plot of the data fitted to this equation is given in 
Fig. 12. From this, the activation energy for lattice 
diffusion is calculated as 64.8 kcal per g mol. This is 
a higher value than those previously reported for 
this system but the present investigation was car- 
ried out at lower temperatures and over a more ex- 
tensive range of temperatures than any used pre- 
viously. Table III lists comparative data from other 
investigators. 


Table III. Comparison of Lattice Diffusion Coefficients for the 
Diffusion of Nickel into Copper Obtained by Various Investigators 


Diffusion Co- Activation 
efficient at 915°C, Energy, Kceal 


Investigator Sq Cm per Sec per G Mol 
Present work 1.25x10-10 64.8 
Thomas and Birchenall,7 0 pct Ni 1.7x10-10 54.0 
da Silva and Mehl,’ 5 pct Ni 1.5x10-19 42.0 
Grube and Jedele,® extrapolated 

to 0 pct Ni 2.3x10-10 34.4 


Since the ratio c/c, is known and the lattice dif- 
fusion coefficients have been calculated, the results 
of the penetration measurements on the various 
boundaries can be used to calculate 6D,. By arbi- 
trarily assuming that the grain boundary width, 6, 
is 5A, the grain boundary diffusion coefficients can 
be calculated. The results of these calculations are 
given in Table IV. In making these calculations, the 
values for the depth of penetration were taken from 
the curves of Figs. 7 through 10. The value for the 
lattice diffusion constant at 650°C was adjusted to fit 
the linear relationship of Fig. 12. The difference 
between this value and the actual value determined 
experimentally is within the range of the experi- 
mental error. 

The ratios of the grain boundary diffusion coeffi- 
cient to the lattice diffusion coefficient for the various 
boundaries are given in Table IV. It will be noted 
that they are of the order of 10* to 10° and are a 
function of the grain boundary angle. Fig. 13 is a 


\ 
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© Fig. 12—Lattice dif- 
fusion coefficients of 
nickel in copper are 
given as a function 
of the reciprocal ab- 
solute temperature. 
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plet of grain boundary diffusion coefficient as a 
function of the grain boundary angle. A log plot has 
been used to show more clearly the low angle 
boundary data. 

The fact that Fisher’s expression for grain bound- 
ary diffusion did not appear to be entirely valid for 
the low angle boundaries explains the anomalous 
behavior of the 825°C data of Fig. 13. For this same 
reason, the grain boundary coefficients for bound- 
aries less than 20° cannot be considered reliable, 
particularly at the higher diffusion temperatures. 

Whipple’ considered the mathematics of grain 


Table IV. Summary of Calculations of the Grain Boundary Diffusion 
Coefficients of Nickel in Copper Analyzed According to 
Fisher’s Equation 


Boundary 
Dif- 
fusion Co- Dp 
Misfit Pene- 6 Do, efficient, Dp, 
Angle, tration, 10-17 Cu 10-19 Sq 1DY 
Degrees 10-4 Cm Cm per Sec Cm per Sec 
Diffusion Temperature, 650°C (1200°F)* 
10 22 1.59 SULT, 0.76 
20 60 11.78 23.6 5.62 
30 105 36.1 72.3 17.2 
40 145 68.6 137 32.6 
45 154 717.4 155 36.8 
50 147 70.7 141 33.6 
60 115 43.3 86.6 20.8 
70 78 19.9 39.8 9.1 
Diffusion Temperature, 750°C (1380°F); 
10 35 4.16 0.83 0.65 
20 57 11.04 2.21 
30 90 27.4 5.48 4.28 
40 121 49.7 9.94 dete 
45 130 57.1 11.4 8.9 
50 120 48.8 9.75 7.62 
60 90 27.4 5.48 4.28 
70 48 7.8 1.56 i222 
Diffusion Temperature, 800°C (1470°F);+ 
10 32 1.23 2.45 0.48 
20 53 6.75 
30 80 7.67 Tors 3.01 
40 104 13.0 26 5.1 
45 110 14.5 29 5.68 
50 104 13 26 ball 
60 74 6.56 2:55 
70 44 PIS} 4.27 0.84 
Diffusion Temperature, 825°C (1517°F)§ 
10 108 8.35 1.67 1.43 
20 114 9.27 1.85 1.58 
30 144 14.8 2.97 2.54 
40 154 22.1 4.43 3.78 
45 180 23.1 4.62 3.95 
50 172 21.2 4.24 3.62 
60 132 2.49 
70 113 9.11 1.83 1.56 
* For diffusion temperature of 650°C, c/co = 0.00005, Di = 
4.2x10-14 sq cm per sec, and t = 51.9x104 sec. 
7 For diffusion temperature of 750°C, c/co = 0.00005, Di = 
1.28x10-12 sq cm per sec, and t = 14.9x10‘ sec. 
+ For diffusion temperature of 800°C, c/co = 0.00005, Di = 
5.1x10-12 sq cm per sec, and t = 4.68x104 sec. 
§ For diffusion temperature of 825°C, c/co = 0.00005, Di = 
1.17x10-4 sq cm per sec, and t = 30.2xi04 sec. 
Fig. 13—Curves illus- 10>}. 
trate the influence = 
of grain boundary _ a 
angle on the ratio of 
grain boundary dif- & 
fusion coefficient to 5° 
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boundary diffusion and gives an equation that is an 
exact expression derived without the simplifying 
assumptions made by Fisher. A simplified form of 
this expression is given as follows 


= 1.159 exp [—0.476 + 


0.398 (1— BE) +--+] [6] 
where 


0.5 


| 

B | 0.5 | (A—1) 

This may be used if 1<<n<<A*/B and € is small. 
Calculations were made using Eq. 6 and the values 
obtained were in approximate agreement with Fish- 
er’s equation. Whipple’s values are larger by a fac- 
tor of 2 to 5 with the largest difference occurring at 
the low misfit boundaries. Table V lists the ratio of 
the coefficients calculated by the two equations and 
it shows that the ratio is fairly constant for the high 
angle boundaries. It is difficult to decide which of 
the two equations is the more correct in view of the 
fact that no exact estimate of the width of a grain 
boundary can be made at the present time. Since 
there is little basis for selecting one in preference to 
the other, the results calculated by Fisher’s equation 
will be considered for further discussion. 

It should be noted that the failure to detect grain 
boundary diffusion at 915°C does not necessarily 
mean that the boundary diffusion coefficient is equal 
to the lattice diffusion coefficient. For example, if 
under the conditions used at 915°C the boundary 
penetration is 1 » more than the lattice penetration, 
then the ratio of the two coefficients, using either 
Fisher’s or Whipple’s equation, will be of the order 
of 10*, although it is doubtful if either of the two 
equations apply. Such small differences in the depth 
of penetration are beyond the limit of resolution of 
the techniques used in this investigation. This means 
then that very refined measurements and a more 
exact mathematical analysis will be required to 
evaluate accurately the amount of grain boundary 
diffusion that occurs at high temperatures as well as 
penetration that occurs in low angle boundaries at 
all temperatures. 

The temperature dependence of the grain bound- 
ary diffusion coefficients can be correlated by the 
Arrhenius equation similar to that used for lattice 
diffusion. Fig. 14 shows the logarithms of the dif- 
fusion coefficients for the various boundaries plot- 
ted against the reciprocal absolute temperature. The 
correlation is good for the large angle boundaries 
over the entire temperature range but the low angle 
boundaries show deviations at the higher tempera- 
tures. This deviation is probably due to the inade- 
quacy of the mathematical analysis, as discussed 
previously. 

From the slopes of Fig. 14, the activation energy 
for grain boundary diffusion can be calculated as a 
function of the grain boundary angle. These are 
shown graphically in Fig. 15. Although the results 
are not conclusive, it appears that the activation 
’ energy is markedly dependent on the grain bound- 
ary angle at low angles and less so at higher angles. 
A rapid decrease occurs up to 6 = 20° with no fur- 
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Fig. 15—Activation energy for grain boundary diffusion of 
nickel into copper is given as a function of grain boundary 
angle. 


ther change occurring for larger values of 9. The 
dependence of the activation energy on 6 resembles 
closely the dependence of the interfacial energy of a 
grain boundary on @ which increases to 6 = 25°, then 
remains fairly constant. Such an interrelationship is 
reasonable, since both energies are a measure of the 
binding forces between atoms in the grain boundary 
region of a metal. 
Conclusions 

The extent of nickel penetration along the grain 
boundaries of copper is dependent upon the degree 
of crystallographic misfit between the grains form- 
ing the boundary, with the maximum penetration 
occurring at the point of maximum misfit. 

The ratio of grain boundary diffusion coefficients 
to lattice diffusion coefficients at low concentrations 
of nickel is of the order of 10* to 10° for the tempera- 


Table VY. Comparison of Grain Boundary Diffusion Coefficients for 
the Diffusion of Nickel in Copper Calculated by Whipple and 
Fisher’s Equations 


Tem- Ratio of D, (Whipple) to Dy (Fisher) for the 

pera- Indicated Values of @ 

ture 

°C 10° 20° 30° 40° 45° 50° 60° 70° 
650 3.04 2.23 2.25 2.19 1.88 8 
750 eh 3.13 2.48 2.24 2.24 2.24 2.48 3.58 
800 3.98 3.32 2.89 2.53 2,50 2153 2.98 4.88 
825 3.95 .95 3.75 3.49 3.47 3.43 Wf 3.96 
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ture range of 650° to 825°C and for grain boundary 
angles of from 10° to 70°. 

The activation energy for grain boundary diffu- 
sion of nickel into copper decreases with increasing 
boundary angle and varies from 64.8 kcal per g mol 
for 0° misfit (pure lattice diffusion) to 38.5 kcal per 
g mol at maximum misfit. 

The available mathematical solutions for the cal- 
culation of grain boundary coefficients are satisfac- 
tory for high angle boundaries but are only approx- 
imations for low angle boundaries. 
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Technical Note 


Bainite Reaction in a Piain Carbon Steel 


by H. |. Aaronson and C. Wells 


HIS is a preliminary report on a detailed metal- 

lographie investigation of the bainite reaction 
in a plain carbon hypoeutectoid steel. In view of 
the current interest in the bainite reaction and of 
the controversies which still exist about even the 
basic phenomenology of this mode of transforma- 
tion, it was considered desirable to present a sum- 
mary of the more important results obtained to 
date prior to the completion of this investigation. 

The steel used contained 0.29 pct C, 0.76 pct Mn, 
0.25 pct Si, 0.005 pet P, and 0.007 pct S. The alloy 
was homogenized for 48 hr at 1250°C. Individual 
specimens were then austenitized for 30 min at 
1300°C and isothermally transformed for various 
times at temperatures above and within the bainite 
region, ranging from 775° through 500°C at intervals 
of 25°C. These specimens were carefully examined 
on a research metallograph; a few specimens of 
especial interest were also studied electron micro- 
scopically.* 

Bainite may be defined as the aggregate structure 
resulting from the precipitation of carbides from 
supersaturated ferrite which formed by nucleation 
and diffusion-limited growth. Two groups of experi- 
mental observations made during the present study 
provide support for this mechanism of the bainite 
reaction: 1—at 625°C, partial conversion of pro- 
eutectoid ferrite to bainite began after more than 
99 pct of the austenite had decomposed and 2—the 
precipitation of bainitic carbides occurred only 
within the ferrite phase. 

The proeutectoid ferrite and the bainite reactions 
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in the steel studied were found to be morphologically 
continuous. Following the classification scheme of 
Mehl and Dube,’ three principal morphologies of 
proeutectoid ferrite were identified in the tempera- 
ture region (625° to 550°C) in which the two re- 
actions blend—grain boundary  allotriomorphs,* 


* Grain boundary allotriomorphs are crystals which nucleate at 
and grow preferentially along matrix grain boundaries. 


Widmanstaetten side plates, and intragranular 
plates. Carbide precipitation converted these mor- 
phologies into their bainitic equivalents with in- 
creasing isothermal reaction time. Conversion took 
place more rapidly as the reaction temperature was 
reduced. The replacement of supersaturated ferrite 
by bainite, however, did not occur uniformly even 
within individual austenite grains and was notice- 
ably incomplete at higher transformation tempera- 
tures, e.g., 625° to 575°C. The ferritic and bainitic 
forms of a given morphology thus were frequently 
found to coexist, often inextricably intermixed, in 
a given specimen. 

At 625° and 600°C, the conversion of ferrite to 
bainite was clearly seen to have occurred entirely 
by the nucleation of carbides at ferrite/ferrite 
boundaries, as shown in Fig. 1. The nature of the 
loci at which carbides formed at lower tempera- 
tures was often difficult to ascertain with a light 
microscope, although the alignment in rows of many 
of the carbides, illustrated in Fig. 2, suggested that 
nucleation had again occurred at grain boundaries 
or subboundaries within the ferrite. Application of 
the electron microscope confirmed this deduction 
for bainitic structures formed at these temperatures, 
as shown in Fig. 3. The dense black appearance of 
bainite formed at very low reaction temperatures 
in higher carbon steels’ indicates, however, that 
isolated lattice defects within ferrite crystals prob- 
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Fig. 1—Precipitation of bainitic carbides at 


ferrite/ferrite boundaries within impinged 
grain boundary allotriomorphs. Background  staetten side plates. 
is partially spheroidized pearlite. Reacted 525°C. 


for 3% hr at 625°C. Specimen etched in 
2 pet nital. X1000. Area reduced approx. 25 
pct for reproduction. 


production. 


ably become important nucleation sites for carbides 
under such circumstances. Carbide precipitation at 
austenite/ferrite boundaries was not observed in 
any specimen studied so far, in disagreement with 
the results of Hultgren.* ° 

Utilizing the data of C. S. Smith,° the observation 
that carbides nucleate only at ferrite/ferrite bound- 
aries may be explained by the decrease (approxi- 
mately 7 pct) in the specific interfacial energy of 
the nucleus/nucleation site interface which accom- 
panies carbide precipitation at these boundaries as 
compared with the large increase (approximately 
31 pet) in the specific energy of this interface which 
would result if carbides were to nucleate at aus- 
tenite/ferrite boundaries. Current nucleation theory 
considers that rates of nucleation are very markedly 
dependent upon the interfacial energy of the nucleus. 
The energy relationships described accordingly re- 
quire effectively zero rates of carbide nucleation at 
austenite/ferrite interfaces, as is experimentally 
observed. 

The morphology, growth rates, and relative dis- 
tribution of ferrite crystals, as well as the avail- 
ability of nucleation sites within and between these 
crystals, have been found to affect rates of conver- 
sion to bainite. Rows of grain boundary allotrio- 
morphs normally contained the lowest densities of 
carbides, while groups of Widmanstaetten side 
plates generally exhibited the highest carbide den- 
sities. Fig. 2 shows a typical example of the un- 
equal levels of carbide precipitation in these mor- 
phologies. Carbides formed in intermediate num- 
bers within intragranular plates at early stages of 
reaction. As transformation of the austenite ap- 
proached completion, however, extensive carbide 
precipitation occurred at the boundaries between 
impinging intragranular plates at temperatures as 
high as 575°C. 

It has been reported that the pearlite and bainite 
reactions overlap in time over appreciable ranges 
of temperature in several plain carbon and alloy 
steels.” * The two reactions were also found to occur 
simultaneously in the steel used in this investiga- 
tion. It was observed, however, that the pearlite 
reaction participated significantly in the final stages 
of transformation only when the average density of 
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Fig. 2—Distribution of carbides in grain 
boundary allotriomorphs and in Widman- 
Reacted for 4 sec at 
Specimen etched in 2 pct nital. 
X1000. Area reduced approx. 25 pct for re- 


Fig. 3—Electron micrograph’ of carbides at 
ferrite/ferrite boundaries. (The four large 
“humps” near the center of the field are fer- 
rite; an effect of orientation upon etching 
rates is presumably responsible for the un- 
usual appearance of these crystals.) Reacted 
7 sec at 550°C. Polystyrene-silica replication, 
chromium shadowing used. Specimen etched 
in 2 pct nital. X4250, enlarged to X8500. 
Area reduced approx. 25 pct for reproduction. 


carbides within the ferrite formed earlier was small, 
e.g., at 600°C and, to a lesser extent, at 575°C. When 
extensive precipitation of bainitic carbides occurred, 
as at 550°C and below, the pearlite reaction was 
essentially confined to the earlier stages of trans- 
formation. Decomposition of the austenite at these 
lower temperatures was entirely completed by the 
bainite reaction to within the limits of detection of 
the metallographic method. No period of stasis in 
the formation of bainite was observed at any re- 
action temperature studied, in marked contrast to 
the behavior of the bainite reaction in many alloy 
steels.® ° 

Britton and coworkers” have made a brief study 
of the bainite reaction in an 0.66 pct C, 0.85 pct Mn 
steel and have found the basic conclusions discussed 
previously to be applicable to this alloy. 
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Diffusion of Zinc and Copper in Alpha and Beta Brasses 


by R. Resnick and R. W. Balluffi 


UMEROUS investigations of chemical diffusion 

in a brass have been made and the results are 
collected in several places.** This work has been 
mainly concerned with the determination of the 
chemical diffusivity as a function of composition 
and temperature. In 1947 Smigelskas and Kirken- 
dall* showed that zine and copper diffuse at different 
rates in face-centered-cubic brass, and since then, 
a number of efforts have been made to determine 
the intrinsic diffusivities of zine and copper in this 
alloy.» Horne and Mehl® in particular have re- 
cently determined the intrinsic diffusivities as func- 
tions of temperature and composition using sand- 
wich-type couples and inert markers. Inman et al.’ 
also have determined the intrinsic diffusivities in 
homogeneous alloys using tracer techniques. When 
the present work was started, no information of this 
type was available. Consequently, measurements 
of the intrinsic diffusivities were made as a function 
of temperature at a constant composition of 28 
atomic pct Zn with vapor-solid diffusion couples 
where the zine was diffused into the diffusion couple 
from the vapor phase. The application of these 
couples to the study of diffusion in a brass has been 
described previously.” The temperature depend- 
ence of the intrinsic diffusivities was found to follow 
the relation D, = A, exp(-H;/RT) and the values 
of H,, and H., were found to be closely the same. 
It is emphasized, however, that the chemical dif- 
fusivity (D = N,D, + N.D,) is a composite diffu- 
sivity and does not necessarily follow this expo- 
nential form. It is usually found to do so within 
experimental error for substitutional alloys because 
the heats of activation of the intrinsic diffusivities 
generally are not greatly different.® 

Also, at the onset of this work, there was no in- 
formation available concerning possible unequal 
diffusion rates of individual components and the 
existence of a Kirkendall effect in alloys with other 
than face-centered-cubic structures. Since then, two 
reports indicating a Kirkendall effect in body- 
centered-cubic 6 brass have appeared. Landergren 
and Mehl" have published a note describing Kirken- 
dall diffusion experiments with sandwich-type 
couples. Inman et al.’ also find a Kirkendall effect 
in this alloy using the tracer technique. 

In the present work, several aspects of the Kirk- 
endall effect in 8 brass were further investigated 
using vapor-solid couples. Two different couples 
were used, one in which the zinc was diffused into 
the specimen from the vapor phase and the other 
in which the zine was diffused out of the specimen 
into the vapor phase. Briefly, the existence of a 
Kirkendall effect is confirmed and it is found that 
Dz./Do = 3 at about the 46 atomic pct composition 
in this alloy at 600°, 700°, and 800°C. As a result 
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Fig. 1—Diffusion-penetration curves are given for a brass 
vapor-solid couples at 700°C. 


of the unequal diffusion rates of zinc and copper, 
volume changes occur and subgrain formation is 
observed in the diffusion zone. In addition, signif- 
icant porosity is produced by the precipitation of 
supersaturated vacancies. Diffusion in this alloy is 
therefore outwardly similar to diffusion in a brass 
where these effects are also observed. 
a Brass 

Experimental Methods—The use of vapor-solid 
couples in studying diffusion in a brass has been 
described in previous articles.* 7 The method briefly 
consists of sealing a copper specimen with Kirken- 
dall markers initially placed on its surface in an 
evacuated quartz capsule along with a large zinc 
source of fine a brass chips and then diffusing the 
zinc into the specimen through the vapor phase. 
The zinc concentration at the specimen surface rises 
rapidly enough to a value near that of the a brass 
source so that the surface concentration may be re- 
garded as constant during diffusion. Under these 
boundary conditions, values of the chemical diffu- 
sivity may be obtained by applying the Boltzmann- 
Matano analysis to the concentration penetration 
curve, and the intrinsic diffusivities may be ob- 
tained from Darken’s’ equations when the velocity 
of marker movement is known. 

The diffusion specimens were made from OFHC 
copper in the form of disks 3.2 em diam and 0.5 cm 
thick with faces surface-ground parallel to within 
+0.001 cm. Markers in the form of fine alumina 
particles <0.0002 cm diam were placed on the speci- 
men surface. These specimens were then sealed in 
quartz capsules along with enough a brass chips of 
a 30.0 atomic pct Zn composition to keep the source 
concentration from decreasing by more than 0.3 
atomic pct Zn as a result of the loss of zinc to the 
specimen during diffusion. The quartz capsules 
which were initially evacuated to a pressure of 
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Table 1. Compilation of Intrinsic Diffusivity Data for a Brass 


Intrinsic Dif- 
fusivities at 28 
Atomic Pct 
Calculated 

from Diffusiv- 
ity Ratios and 
D Values from 


Fig. 2 
Marker Marker 
Tem- Compo- Move- Dou, Sq Cm 
pera- sition ment, Sq Cm _ per 
ture, Time Atomic Cm ODzn/ perSec Sec 
Reference °C Hr Pet Zn x108) =Dou x10° x10? 
Present work 700 223 29.1 4.5 San 0.19 11 
Present work 700 501 29.3 8.0 5.9 0.22 1.3 
Present work 800 89.5 28.6 6.5 5.0 1.4 7.0 
6 850 69. 27.0 9 yy 3.8 20. 
Present Work 860 23°5 28.3 6.4 5.3 4.3 23. 
6 890 159. 27.0 155 5.8 9.7 56. 
6 890 187 27.0 16. 5.7 9.3 53; 
6 890 35.3 28.0 12.0 bee 9.8 52. 
Present work 910 2.0 28.1 3.6 4.7 9.1 43. 


about 0.14 Hg were then uniformly heated for vari- 
ous times at 700°, 800°, 860°, and 910°C. 

After diffusion, the buried markers were found 
by polishing into one side of the disk until all edge 
effects were removed and the depth of burying be- 
low the surface was measured. Concentration-pene- 
tration curves were then obtained by chemical anal- 
ysis of parallel slices machined from the diffusion 
zone. The slices were analyzed for copper content 
by the electrolytic method and the zinc concentra- 
tion was obtained by difference. 

Results—A summary of the diffusion runs that 
were made is given in Table I. Two typical diffu- 
sion curves at 700°C are shown in Fig. 1. The Kirk- 
endall marker data are given in Table I along with 
the ratio of the intrinsic diffusivities calculated from 
the ratio of the amounts of zinc and copper diffused 
past the markers. Corresponding data at 850° and 
890°C from previously published work’ are also 
included. Values of the chemical diffusivity as a 
function of concentration were next obtained from 
the diffusion curves by applying the Boltzmann- 
Matano analysis and are shown in Fig. 2. Included 
in this figure are values at 890°C which were taken 
from previous work.” Values of log D vs 1/T are 
plotted in the conventional manner in Fig. 3 for dif- 
ferent concentration levels. The intrinsic diffusiv- 
ities of copper and zine were then calculated for 
different temperatures at the average marker con- 
centration of 28 atomic pct Zn from values of the 
chemical diffusivity (D = Nam Dou + Nou Dan) at this 
concentration and the ratios of the diffusivities. 
These results are given in Table I and are plotted 
vs 1/T in Fig. 4. Assigning the observed diffusivity 
ratios in Table I to the average marker composition 
of 28 atomic pct in this manner is permissible, since 
the ratios are insensitive to small variations of zinc 
concentration within the accuracy of the present 


experiments. All the diffusivities appear to vary 
with temperature according to the usual form 
—H 
ZX RT 
for the chemical diffusivity, or 
=H; 
D; = A;-e ( ) [2] 


for the intrinsic diffusivity, and values of the con- 
stants in Eqs. 1 and 2 are presented in Table II. 
Discussion—The present data are compared with 
values from refs. 8 and 9 in Figs. 3 and 4. Inman 
et al. determined the diffusivities of zinc and copper 
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in homogeneous alloys using a tracer technique. 
These data have been converted to chemical dif- 
fusivities for present purposes by using Darken’s 


dln Vi 
dN, 


N,D.+N.D,. The activity coefficients used were 
obtained from ref. 12. At the low zinc concentra- 
tions, the agreement between the present diffusiv- 
ities and the values of Horne and Mehl is excellent 
(Fig. 3). Inman et al. determined D values at a zinc 
concentration <1 pct Zn and these values are ap- 
proximately 50 pct smaller than the corresponding 
values of the present work and of Horne and Mehl. 
At the higher zinc contents, the present values are 
consistently somewhat lower than those obtained by 
Horne and Mehl. However, they are in rather good 
agreement with the values of Inman et al. Some 
loss of accuracy may be expected at the extremes 
of the composition range where the precision of the 
Boltzmann-Matano analysis is lower because of dif- 
ficulty in determining the exact slope of the diffu- 
sion curve. In order to minimize errors in the anal- 
ysis at these concentrations, a number of D deter- 
minations were made and the best: smooth curve 
was drawn through the resulting points as seen in 
Fig. 2. This smoothing process was used in re- 
analyzing the earlier data at 890°C’ and accounts 
for the approximately 25 pct difference between the 
presently reported intrinsic diffusivities at this tem- 
perature and the previously published values.’ 

In general, the agreement between all of these 
data is considerably better than the agreement 
among the earlier data (see, for example, ref. 2). 
The intrinsic diffusivity data in Fig. 4 compare in 
the same manner. The present values (at 28 pct 
Zn) and those of Inman et al. (at 27 pct Zn) seem 
in quite good agreement. The values of Horne and 
Mehl (at 25.2 pet Zn) are found to be higher when 
the increase of diffusivity with concentration is 
taken into account. 


equations = ( 1+N, ) anda) 


100; 
© 5Ol Hrs 
+ 223 Hrs 
| | | 
° 5 10 15 20 25 30 


Atomic Percent Zinc 
Fig. 2—Chemical diffusivity in a brass at different tempera- 
tures (°C) is shown as a function of composition. Data for 
the 890°C line are taken from ref. 7. 
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Yt x 10%) 
Fig. 3—Log of chemical diffusivity vs 1/T(°K) for a brass at 
different composition levels (atomic pct Zn) is shown. 


Eq. 2 should apply, since D, defines the rate of 
diffusion of a single component relative to the dif- 
fusing crystal and so may be described by a single 
atomic jump process. In contrast to the intrinsic 
diffusivity, the chemical diffusivity is a composite 
diffusivity which depends upon the intrinsic diffu- 
sion rates of both components and is given by 


—H, ) 
RT 


NA ( ) [3] 
RT 


= N.Az-exp( 


As LeClaire”® has noted, this expression cannot be 
represented exactly by the commonly used form, 
Eq. 1. However, the relation Eq. 1 has been found 
to hold in nearly all diffusion experiments within 
experimental error and seems adequate for the pres- 
ent data (see Fig. 3). Examination of Eq. 3 indi- 
cates that Eq. 1 will hold within usual experimental 
error when the D,’s are of comparable magnitude if 
the H,’s are not too different. In the case of substi- 
tutional alloys if a simple vacancy mechanism is 
accepted, the heat of activation is the sum of two 
parts: the heat of activation to form a vacancy and 
the heat of activation for the vacancy-atom ex- 
change. The heat of activation for the formation of 
a vacancy is estimated to be in the neighborhood of 
one-half the average value of H, and H, and will 
appear in both H, and H,. Since it is also likely that 
the heats of activation for the movement of the two 


Table Il. Frequency Factors and Heats of Activation for Diffusion 
in a Brass 


Heat of Activa- 
tion, Cal per Mol 


Composition, 
Atomic Pct Zn 


Frequency Factor, 
Sq Cm per Sec 


10 3) H = 40,800 
15 H = 40,800 
20 H = 40,800 
28 H = 41,300 
28 Ayn = 2.1 Hz = 41,200 
28 Aou = 0.81 Hou = 42,700 
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components are of the same order, H, and H, should 
not be expected to be greatly different. The present 
values for H,, and H., which are tabulated in Table 
II correspond to this case. 

The actual values of the constants for Eqs. 1 and 
2 cannot be regarded as highly significant. The 
values were obtained from data extending over a 
relatively narrow temperature range and Nowick”™ 
has thoroughly discussed the problem of determin- 
ing the true values of these quantities under such 
conditions. It is apparent however that H,, and Hou 
must be closely the same, since the ratio of diffu- 
sivities (see Table I) which is given by 


- ( ) exp [| Ha | [4] 


shows very little systematic variation with tem- 
perature. 

Nevertheless, the present heats of activation are 
in the neighborhood of 40,000 cal per mol which is 
in good agreement with the values obtained by 
Inman et al. at the 27 pct Zn concentration. The 
value of 51,000 cal per mol obtained by Inman et al. 
from only two determinations at the <1 pct Zn 
composition seems too high, since the value of H for 
the self-diffusion coefficient of copper is = 47,000 
cal per mol.“ The present data are not accurate 
enough to show any continuous decrease of H with 
increasing zine that might be expected to partially 
account for the observed increase of D with zinc 
content. The decrease in H to a value of 30,000 cal 
per mol which is found by Horne and Mehl at the 
30 atomic pct composition, however, seems too rapid 
when compared to the other results. Hino” in some 
preliminary unpublished work reports an activation 
energy of about 40,500 cal per mol for the diffusion 
of radioactive zinc in homogeneous a brass con- 
taining about 30 atomic pct Zn. It would seem on 
the basis of the available measurements, therefore, 
that the actual value of H most probably decreases 
with increasing zinc content from a value somewhat 
below that of the self-diffusion coefficient of copper 
to a value of approximately 40,000 cal per mol at 
the a brass composition. 


Present work at 28% Zn 
o—-—Horne and Mehl at 25.2 % Zn 
Inman, et.al. at 27% Zn 
| | | 
8.0 8.5 9.5 10.0 


9.0 
(°K*x104) 


Fig. 4—Log of intrinsic diffusivity has been plotted ys 1/T(°K) 
for a brass at 28 atomic pct Zn. 
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Fig. 5—Diffusion-penetration curves are given for 8 brass vapor- 
solid couples at 600° and 700°C. 


It is not clear at present whether the differences 
in the foregoing diffusion data could be due to the 
different types of diffusion couples used or whether 
they are due to other causes. In general, it seems 
that techniques, such as the present one, involving 
chemical analysis of couples containing compara- 
tively larger concentration differences are not suit- 
able for the most precise determination of diffusion 
coefficients. Factors such as plastic deformation, 
nonequilibrium vacancy effects, porosity formation, 
and dimensional changes may be significant in cer- 
tain cases. It would be interesting at this point to 
carry out precision diffusivity determinations, using 
tracer techniques in incremental couples over a wide 
range of temperatures. 


B Brass 

Two types of diffusion couples were used to study 
the Kirkendall effect in 8 brass. The first type in 
which zine vapor from 8 brass chips was diffused 
into a disk specimen of a lower zine content was 
similar to the type already described in the a brass 
experiments. 
the different diffusion rates of zinc and copper and 
also the dimensional changes and polygonization 
which occurred during inward diffusion of zinc. In 
the second type of couple, the zinc flux was reversed 
and the zine was diffused out of the specimen via 
the vapor phase into fine @ brass chips of a lower 
zine content. This couple was useful for following 
porosity formation and accompanying volume 
changes during the outward diffusion of zinc. 

Intrinsic Diffusivities of Zinc and Copper— 
Experimental Methods: The couples used to inves- 
tigate the intrinsic diffusivities of zinc and copper 
were made by sealing 8 brass disks containing 43 
atomic pct Zn in quartz capsules along with a larger 
mass of loosely packed £ brass chips of a 48 atomic 
pet composition. The capsules which were initially 
evacuated to a pressure of about 0.14 Hg were then 


This couple was used to investigate ~ 


uniformly heated for various times at 600°, 700°, 
and 800°C. Enough chips were used so that the zine 
source composition did not decrease by more than 
0.5 atomic pct Zn as a result of the transfer of zinc 
to the disk specimen during diffusion. The disks 
were made 3.0 cm diam and 0.75 cm thick and were 
machined with faces parallel from coarse grained 
8 brass castings which were made by directionally 
cooling brass melts in sealed and evacuated quartz 
capsules. After the machining operation, the disks 
from each casting were again sealed in an evac- 
uated capsule and were homogenized at 825°C for 
48 hr. These disks which had a final coarse grain 
size of about 1 cm were next electroplated with a 
0.003 cm thick chromium plate, leaving one face 
exposed. The chromium plate served to prevent 
zine penetration into all surfaces except the one 
exposed face and so reduced undesirable edge effects. 
This technique allowed a greater amount of zinc 
diffusion into the exposed face than would have 
been possible if all surfaces had been equally ex- 
posed and chemical analysis proved that negligible 
zine penetrated the chromium layer. The markers 
were put on the disk surfaces before diffusion in the 
form of fine alumina particles <0.0002 cm diam. 
After the diffusion anneal, the specimens were 
water quenched in order to prevent any phase trans- 
formation upon cooling. A cross-section of each 
diffusion zone was obtained by polishing into one 
side of the disk until all edge effects were removed, 
and the depth of burying of the markers was 
measured. No porosity was found anywhere in the 
diffusion zones of these couples. The concentration- 
penetration curves were obtained by chemical anal- 
ysis of parallel slices machined from the diffusion 
zone. Marker movements were then obtained by 
locating the position of the original interface rela- 
tive to the final surface by graphical integration and 
subtracting the measured depth of marker burying. 
Results: The displacement of the markers is given 
in Table III for all runs. The markers were found 
to move outward with increasing time, thereby 
proving that zinc diffuses more rapidly than copper 
and establishing the existence of a Kirkendall effect. 
It was also immediately apparent from the results 
of the chemical analyses that the surface concentra- 
tion did not rapidly increase to a value approaching 
the concentration of the zinc source during the early 
stages of the run as was found to be the case in 
a brass’ but instead remained appreciably lower at 
all observed times. Two typical diffusion curves at 
600° and 700°C are given in Fig. 5. The final sur- 
face composition at the end of each run is given in 
Table III along with the composition at the marker 
and the compositions of the source and original disk. 
The problem of maintaining the surface concentra- 
tion constant during diffusion and thereby estab- 


Table III. Diffusion Data for 8 Brass Vapor-Solid Diffusion Couples 


Composition Base Composi- Final Surface Final Composition Marker 
Tempera- of Zinc Source, tion of Disk, Composition, at the Markers, Movement, 
ture, °C Time, Hr Atomic Pct Zn Atomic Pct Zn Atomic Pct Zn Atomic Pct Zn Cmx108 Dzn/Dou 
2.0 49.3 4 1.0 2.4 
600 6.0 49.0 43.4 47.2 47.1 2.6 3.8 
00 24.0 49.5 6 6 5.8 3.6 
600, ref. 9 45.0 — 21 
1.0 48.7 44.2 48.3 48.2 2.3 3.2 
700 2.5 50.2 42.7 46.9 46.8 3.4 3.0 
700 16.5 —_ 43.8 47.3 47.2 5.7 2.6 
700, ref. 9 — 45.0 — — — —_ 2.0 
800 1.0 47.4 39.6 47.0 46.7 4.9 3.0 
800, ref. 9 45.0 — 1.3 
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a—Photogram 
taken before diffu- 
sion. 


b—Photogram was 
taken after diffusion 
at 800°C for 32 hr. 


Fig. 6—Laue back-reflection X-ray photograms of volume adjacent to surface, 8 brass couple. 


lishing constant boundary conditions has been dis- 
cussed previously.’ When the surface concentration 
is maintained essentially constant, the Matano anal- 
ysis may be applied to the penetration curve and D 
values may be calculated. However, this analysis 
no longer applies when the surface concentration 
varies in an undetermined manner. Consequently, 
it was only possible to calculate an average value 
of the ratio of diffusivities (Dz,/Dco.) from the pres- 
ent data by finding the ratio of the amounts of zinc 
and copper diffused past the markers in each case. 
These latter quantities were obtained graphically 
from areas under the diffusion curve and are given 
in Table III along with corresponding values of 
Inman et al.’ Since the composition range was small 
in these couples, these diffusivity ratios should refer 
to a composition of about 46 atomic pet Zn which is 
slightly less than the final marker concentration in 
each case. It is interesting to note that the ratio 
does not appear to vary systematically with time or 
temperature and must therefore be fairly insensi- 
tive to small composition changes as well. It does 
not seem likely that differences in composition could 
account for the = 30 pct discrepancy between the 
present ratios and those of Inman et al.® The ex- 
planation for the low surface concentrations is not 
understood at present. As has been previously dis- 
cussed,’ a high diffusion rate or a low vapor pres- 
sure should increase the time required for the sur- 
face concentration to approach the concentration of 
the zine source. A rough calculation based upon the 
penetration curves indicates that diffusion in the 
8 phase is comparatively very rapid and that D at 
800°C is about 10° sq cm per sec. This high diffu- 
sion rate which is about 10° times the corresponding 
rate in the a phase may partially account for the 
low surface concentration, but the fact that the sur- 
face concentration did not steadily increase with 
time indicates that other factors inhibiting transfer 
of zinc to the specimen surface must have been 
present. 

Dimensional Changes Due to Diffusion—Previous 
measurements” “ have shown that in the case of the 
face-centered-cubic metals the volume changes 
caused by diffusion in large diffusion couples of the 
type usually used in diffusion studies are largely 
restricted to the direction of diffusion. However, in 
the case of thin wires or sheets, comparatively large 
dimensional changes may occur normal to the diffu- 
sion direction.” It appears that in the former case 
the large bulk of the usual diffusion specimen acts 
to restrict the volume changes to the direction of 
diffusion. 

Measurements were made of any dimensional 
changes normal to the direction of diffusion in the 
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present alloy by employing two vapor-solid couples 
similar to those previously described. Tungsten 
wires 0.075 cm diam were first welded onto each 
specimen face to use as gage marks. Zine was then 
diffused into these 0.75 cm thick and 3.0 cm diam 
disks at 800°C for 1 and 2 hr. Measurements after 
diffusion proved that linear dimensional changes 
normal to the diffusion direction were less than 0.1 
pet. This result therefore agrees generally with 
previous measurements” on face-centered-cubic 
metal couples and also validates the graphical inte- 
grations used in the previous section for the deter- 
minations of the position of the original interface 
and the ratio of diffusivities. These graphical meth- 
ods, of course, depend upon a constant specimen 
cross-section. 

Subgrain Formation During Diffusion—Extensive 
subgrain formation has been found to occur in the 
diffusion zones of several face-centered-cubic al- 
loys.” “ * This process appears to be a result of the 
volume changes and mass flow accompanying dif- 
fusion and the restraints imposed upon the mass 
flow by the bulk of the specimen. This phenomenon 
consequently was investigated in @ brass by both 
X-ray and metallographic methods. 

A vapor-solid couple with a grain size of about 
1 cm and similar to those previously described was 
used. The surface of the well annealed disk was 
first carefully electropolished to a metallographic 
finish and a back-reflection Laue X-ray pattern was 
taken of the volume adjacent to the surface. The 
X-ray beam used was collimated to a 0.060 cm 
diam. The photogram shown in Fig. 6a is char- 


Fig. 7—Final surface of 8 brass disk is shown after diffusion 
at 800°C for 32 hr. Arrow indicates position of high energy 
grain boundary. X100. Area reduced approximately 40 pct 
for reproduction. 
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acteristic of the pattern of a recrystallized metal 
usually obtained by this technique. Zinc was then 
diffused into this disk for 314 hr at 800°C and the 
surface was re-examined and X-rayed in exactly 
the same area previously used. Metallographic 
examination of the surface revealed the subgrain 
structure over the entire surface which is shown in 
Fig. 7. The position of a high energy grain boundary 
is indicated by the arrow and illustrates the differ- 
ence in the surface grooves produced at the inter- 
sections of the surface with the various interfaces. 
The X-ray pattern after diffusion is shown in Fig. 
6b. The originally single sharp spots have been 
broken up into a number of smaller ones in a pat- 
tern typical of a subgrain structure. The angular 
difference between adjacent subgrains was estimated 
to be of the order of 0.5° from the spread of spots 
in each cluster. 

Porosity Formation—When a brass is heated in 
vacuo, the zinc diffuses outward into the vacuum 
more rapidly than copper diffuses inward to replace 
it and vacancies are therefore deposited in the alloy. 
These vacancies reach supersaturation and a fraction 
of them precipitate out in the form of observable 
pores.” The remaining vacancies are destroyed at 
various sinks within the specimen causing a volume 
contraction. 

Porosity formation in 8 brass at 800°C was studied 
by diffusing zine out of single crystal disk speci- 
mens containing 49 atomic pct Zn after sealing 
them in evacuated quartz capsules containing a 
large mass of 40 atomic pct Zn £8 brass chips. The 
disks were made 0.5 cm thick and 1.5 cm diam from 
single crystals which were prepared by sealing the 
brass in quartz capsules and employing the Bridg- 
man method. The diffusion anneals were made at 
800°C for various lengths of time and the amount 
of porosity formed at each stage was followed by 
taking density measurements using the weigh-in- 
air—weigh-in-water method. The results are given 
in Fig. 8. For purposes of comparison, the percent- 
age of porosity has been included, which would 
have been obtained if all the vacancies which 
were left behind by the unequal fluxes of zinc 
and copper had precipitated as pores. These values 
were calculated by assuming that the atomic 
volumes of zine and copper are equal and by allow- 
ing for the counterflow of copper and the small 
lattice parameter shrinkage caused by the loss of 
zine. The counterflow of copper was assumed to be 
one-third as large as the outward zinc flow. These 
curves may be compared to other results obtained 
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Fig. 8—Percentage of volume porosity produced in f§ brass 
during outward diffusion of zinc at 800°C is shown. 
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Fig. 9—Cross-section shows 50 pct Cu-50 pct Zn 8 brass single 
crystal dezincified at 800°C for 5.5 hr in the presence of 60 pct 
Cu-40 pct Zn @ brass chips. X200. Area reduced approximately 
45 pct for reproduction. 


for a brass.” It is clear that a large fraction of 
vacancies precipitated as holes during zine loss in 
both alloys. The porosity in the specimen diffused 
for 5.5 hr is shown in Fig. 9. The width of the 
porous region is fairly narrow, since high enough 
vacancy supersaturations for hole formation must 
have been reached only in the regions near the 
specimen surface. The low supersaturations reached 
elsewhere must have been partly a result of the 
relatively small concentration difference between 
the specimen and the brass chips. The average hole 
size which is considerably larger than in the case 
of a brass may have resulted from the small number 
of heterogeneous nuclei which became active in the 
presence of a low supersaturation and the relatively 
high diffusion rate of vacancies in this alloy. 

Discussion—The results show that all of the phe- 
nomena presently associated with the Kirkendall 
effect in a brass accompany diffusion in 8 brass and 
that diffusion in this body-centered-cubic alloy is, 
therefore, at least outwardly, similar to diffusion in 
the face-centered-cubic structure. Diffusion is much 
more rapid, however, in the nonclose-packed body- 
centered-cubic phase, as seems to be the case in 
other systems where diffusion rates in face-centered- 
cubic and body-centered-cubic phases have been 
compared. A number of the present findings agree 
with the work reported by Landergren and Mehl." 
The values of D,, and Dj, calculated by Heumann” 
from data communicated by Landergren and Mehl 
cannot be accepted, however, since Heumann em- 
ployed an improper form of Darken’s equations. 
The fact that the diffusivity ratios reported in Table 
III do not show any marked variation with tem- 
perature indicates that Hz, and Hq, for # brass are 
not greatly different, see Eq. 4. 

On the basis of these results, it seems that Zener 
ring exchange mechanism cannot be the main chem- 
ical diffusion mechanism in 8 brass. A discussion 
of the ring exchange mechanism has been recently 
given by LeClaire” where it is suggested on the 
basis of an interpretation of observed frequency 
factor values that self-diffusion occurs by a 4-ring 
mechanism in body-centered-cubic metals. The 
viewpoint that the ring mechanism may be favored 
in nonclose-packed structures such as 8 brass may 
be ruled out for at least chemical diffusion, since 
this mechanism cannot account for the observed 
Kirkendall phenomena. 
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Technical Note 


Thermal Conductivity of Vanadium and Certain Vanadium Alloys 
by James L. Weeks and Karl F. Smith 


N order to determine the magnitude of thermal 

conductivity changes resulting from alloying va- 
nadium with titanium and a few other elements, 
several samples were prepared and measured. The 
thermal conductivity values reported herein in 
Table I were determined with an apparatus previ- 
ously described.* 

As in recently reported’ determinations on ura- 
nium and uranium alloys, whose thermal conduc- 
tivities are in the same range as vanadium,* the 
accuracy of the values was checked by using syn- 
thetic sapphire.* The error in the measurement is 
estimated to be +3 pct or 0.003 cal sec* cm™* °C, 
whichever is larger. 

The vanadium used in preparing the samples was 
the calcium-reduced type and was supplied by the 
Electro Metallurgical Co. as 99.6+ pct pure. All 
alloying elements used in the preparations were 
99+ pct pure. A nonconsumable tungsten electrode 
are furnace was used for melting the alloys and, 
without opening the furnace, each ingot was re- 
melted a number of times to insure homogeneity. 
The samples as prepared by the Armour Research 
Foundation were machined from as forged material 
without annealing. 
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Table |. Thermal Conductivity of Vanadium and Certain 
Vanadium Alloys 


Thermal Conductivity at 


Alloying Element, 70°C, Cal Sec Cm-1 
Wt Pct* °c-1 


None 0.084 
4 
0.069 
9 
10 Ti 0.058 
2 
20 Ti 0.047 
1 
10 Ti } 0.031 
5 Al 2 
40 Ti } 0.024 
5 Al 0 
1Si 0.063 
8 
3 Si } 0.050 
2.5 Zr 0 


* Balance vanadium. 


Measurement of the Thermal Conductivity of Solids. 
A of Scientific Instruments (1953) 24, pp. 1054- 
057. 

* J. L. Weeks: Thermal Conductivity of Uranium and 
Several Uranium Alloys. Trans. AIME (1955) 203, p. 
192; JouRNAL oF Metats (January 1955). 

*“C. A. Hampel: Rare Metals Handbook. (1954) p. 
593. New York. Reinhold Publishing Corp. Thermal 
conductivity of vanadium is given as 0.074 cal sect 
Chive Carat 

“J. L. Weeks and R. L. Seifert: Note Regarding the 
Thermal Conductivity of Synthetic Sapphire. Journal 
Amer. Ceramic Soc. (1952) 35; p:15. At 70°C, K = 
0.071 cal sec em> 
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Kinetics and Mechanism of the Oxidation of Molybdenum 


by M. Simnad and Aija Spilners 


The rates of formation of the different oxides on molybdenum in pure oxygen at 1 atm 
pressure have been determined in the temperature range 500° to 770°C. The rate of 
vaporization of MoO. is linear with time, and the energy of activation for its vaporiza- 
tion is 53,000 cal per mol below 650°C and 89,600 cal per mol at temperatures above 
650°C. The ratio MoOsarorizing /MOOs¢eurtacey increases in a complicated manner with time 
and temperature. There is a maximum in the total rate of oxidation at 600°C. At tem- 
peratures below 600°C, an activation energy of 48,900 cal per mol for the formation of 
total MoO: on molybdenum has been evaluated. The suboxide MoO. does not increase 
beyond a very small critical thickness. At temperatures above 725°C, catastrophic oxi- 
dation of an autocatalytic nature was encountered. Pronounced pitting of the metal was 
found to occur in the temperature range 550° to 650°C. Marker movement experiments 
indicate that the oxides on molybdenum grow almost entirely by diffusion of oxygen anions. 


SEFUL life of molybdenum in air at elevated 

temperatures is limited by the unprotective 
nature of its oxide which begins to volatilize at 
moderate temperatures. Although the oxide/metal 
volume ratio is greater than one, the protective na- 
ture of the oxide film is very limited. Gulbransen 
and Hickman’ have shown, by means of electron 
diffraction studies, that the oxides formed during 
the oxidation of molybdenum are MoO, and Mo0O.. 
The dioxide is the one present next to the metal 
surface and the trioxide is formed by the oxidation 
of the dioxide. Molybdenum dioxide is a brownish- 
black oxide which can be reduced by hydrogen at 
about 500°C. Molybdenum trioxide has a colorless 
transparent rhombic crystal structure when sub- 
limed, but on the metal surface it has a yellowish- 
white fibrous structure. It is reported to be volatile 
at temperatures above 500° and melts at 795°C. It 
is soluble in ammonia, which does not affect the di- 
oxide or the metal. 

In his extensive and classic investigations of the 
oxidation of metals, Gulbransen’ has studied the 
formation of thin oxide films on molybdenum in the 
temperature range 250° to 523°C. These experi- 
ments were carried out in a vacuum microbalance, 
and the effect of pressure (in the range 10° to 76 
mm Hg), surface preparation, concentration of inert 
gas in the lattice, cycling procedures in tempera- 
ture, and vacuum effect were studied. The oxida- 
tion was found to follow the parabolic law from 
250° to 450°C and deviations started to occur at 
450°C. The rates of evaporation of a thick oxide 
film were also studied at temperatures of 474° to 
523°C. In vacua of the order of 10° mm Hg and at 
elevated temperatures, an oxidation process was 
observed, since the oxide that formed at these low 
pressures consisted of MoO, which has a protective 
action to further reaction in vacua at temperatures 
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up to 1000°C. Electron diffraction studies showed 
that, as the film thickened in the low temperature 
range, MoO, became predominant on the surface. 
Above 400°C MoO, was no longer observed, MoO, 
being the only oxide detected. 

The failure to detect MoO, on the surface of the 
film formed at the higher temperatures does not 
militate against the formation of this oxide, since 
according to free energy data MoO, is stable up to 
much higher temperatures. At the low pressures 
employed, this oxide would volatilize off as soon as 
it was formed. Its vapor pressure is relatively high 
and is given by the equations” 


log Pom Hyg) —16,140 —5.53 log 
30.69 (25°C—melting point) 
log Ponm —14,560 —7.04 log 


34.07 (melting-boiling point). 


Lustman* has reported some results on the scal- 
ing of molybdenum in air which indicate a discon- 
tinuity at the melting point of MoO, (795°C). Above 
the melting point of MoO,, oxidation is accompanied 
by loss of weight, since the oxide formed flows off 
the surface as soon as it is formed.” ° Rathenau and 
Meijering’ point out that the eutectic MoO.-MoO,; 
melts at 778°C, and they ascribe the catastrophic 
oxidation of alloys of high molybdenum content to 
the formation of low melting point eutectics of MoO, 
with the oxides of the melts present. Fontana and 
Leslie* explain the same phenomenon in terms of 
the volatility of MoO;, which leads to the formation 
of a porous scale. 

Recent unpublished work by Speiser® on the oxi- 
dation of molybdenum in air at temperatures be- 
tween 480° and 960°C shows that the rate of weight 
change of molybdenum is controlled by the rela- 
tionship between the rates of formation and evapo- 
ration of MoO,. They have measured the rates of 
evaporation of MoO; in air at different temperatures 
and estimated an activation energy of 46,900 cal. 
This compares with the value of 50,800 cal per mol 
obtained by Gulbransen for the rate of sublimation 
of MoO, into a vacuum. 
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The authors have studied the oxidation of molyb- 
denum in pure oxygen at 1 atm pressure in the 
temperature range 500° to 770°C, since a more de- 
tailed study of the kinetics was required for an 
understanding of the mechanism of its oxidation at 
elevated temperatures and with oxide thicknesses 
much greater than those measured by Gulbransen. 
The gross weight change of a sample of molybde- 
num during oxidation at high temperatures and 
pressures is no useful criterion of the kinetics or 
mechanism of its oxidation. The individual oxides, 
namely, the MoO, which vaporizes off, the MoO, 
remaining on the surface, and the MoO, formed 
next to the metal, have to be estimated separately. 
This paper presents such measurements of the oxi- 
dation of molybdenum and includes a note on the 
influence of moisture in the oxygen upon the oxi- 
dation process. Marker movement studies with 
radioactive silver as markers have been carried out 
to establish the nature of the diffusing ions. 


Apparatus 

The design of the furnace unit and the oxygen 
gas train used for oxidation is shown in Fig. 1. The 
furnace temperature was controlled to +2°C. The 
silica furnace tube, 1% in. diam, contained an in- 
ner silica tube, “4 in. diam, through which the oxy- 
gen was introduced in a preheated condition and 
flowed up past the specimen at a uniform rate. The 
electrolytic oxygen was passed over platinized as- 
bestos at 450°C to remove hydrogen and then dried 
. by passing through four cold traps immersed in dry 
ice-acetone mixtures. The cold traps were filled 
with copper turnings to break up the gas stream. 
Several test experiments in which liquid nitrogen 
was used for the cold traps made no difference to 
the results obtained. A flowmeter was included in 
the oxygen train and a flow rate of about 60 cu cm 
per min was used in all the experiments. 

Each specimen was attached to a silica rod, 18 in. 
long, by a platinum hook and the silica rod was in 
turn attached by means of a nylon thread to a glass 
rod across the top of the furnace. 


Fig. 1—Oxidation unit used for tests is shown in schematic 
diagram. Numbers represent: 1—nylon thread, 2—silica rod, 
3—silica tube, 4—furnace, 5—platinum wire, 6—specimen, 
7—<coiled silica tube oxygen outlet, 8—platinized asbestos, 
9—cold trap, and 10—flowmeter. 
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Fig. 2—Isothermal curves show the rate of formation of MoOs 
vapor below 700°C. 


Experimental Procedure 

The molybdenum sheet, 1 mm thick, was ob- 
tained from Westinghouse Electric Corp. and has 
an analysis of 99.9+ pct. The specimens were cut 
to 1x1.5 em and abraded with grit paper, finishing 
with 4/0 paper. They were measured, degreased 
with acetone and alcohol, weighed, and then loaded 
into the furnace which had been fiushed out with 
the pure dry oxygen. Care was taken to line up the 
specimen in the center of the furnace tube directly 
above the oxygen inlet. 

At temperatures above 725°C, the phenomenon 
of autocatalytic oxidation took place, which re- 
sulted in the burning of the specimens and their 
complete disappearance within very short times. 
This phenomenon can be explained by the fact that 
the heat of formation of the oxide raises the surface 
temperature of the metal to above the melting point 
of the MoOs;, which melts and runs off the sample. 
Fresh metal is continuously exposed to the oxygen 
and the oxidation rate is catastrophic. This effect 
was overcome by first preoxidizing the sample at a 
zone in the furnace where the temperature was 
725°C for a period of 10 min. It was then lowered 
to the zone which was at the higher temperature 
being studied. Preoxidation of more than 8 min 
duration at 725°C was sufficient to prevent burning 
of the samples at the higher temperatures. 

Several experiments were carried out at 725°C to 
check the influence of moisture in the oxygen upon 
the rate of oxidation of molybdenum, since it has 
been reported that the vapor pressure of molybde- 
num trioxide is increased in the presence of water 
vapor.” The oxygen was bubbled in a fine stream 
through a column of water before entry into the 
furnace. No appreciable increase in the oxidation 
rate could be detected, and it was concluded that 
the effect of moisture upon the oxidation rate is 
negligible at these temperatures. The study of the 
effect of moisture was not pursued further and all 
experiments were carried out in dry oxygen. 

A new sample was used for each time and tem- 
perature. At the end of each test, the specimens 
were removed from the furnace and reweighed in 
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a closed weighing tube as soon as they had cooled, 
since exposure to moist air for periods longer than 
a few minutes resulted in a marked increase in 
weight of the oxidized specimens. The MoO, re- 
maining on the surface was then dissolved in am- 
monia and the sample again weighed. Next, the 
quantity of MoO, present on the surface was deter- 
mined by reduction with hydrogen at 700°C for 2 
hr. At least three specimens were used for each 
time and temperature. 

X-ray analysis of the oxides formed on the sur- 
face of the specimens showed the presence of MoO, 
in the outer layer and MoO, in the inner layer. 

The calculation of the amounts of the different 
oxides formed is as follows: Let W, be the original 
weight of the molybdenum sample, W, the weight 
of the sample after oxidation, and W, the weight of 
the sample after ammonia treatment. Then 

W. — W, = wt of MoO, remaining on metal. 
Let W, be the weight of the sample after hydrogen 
treatment and W, the weight of molybdenum in the 
film. Then 


W, — W.= wt of O in MoO, film. 


Let W, be the weight of molybdenum in MoOxgurtace) 
and W, the weight of molybdenum in MoOgwapor. Let 
W, be the weight of MoO, which vaporized, W, the 
weight of MoO, on the surface, and W,, the weight of 
molybdenum oxidized. Then 


mol wt MoO, 
W; W, x 
mol wt Mo 
and 
mol wt MoO, 
W, W; x 
mol wt Mo 
and 


Ww (W, — W;). 


It is evident from the foregoing procedure that a 
very large number of calculation have to be carried 
out for plotting the curves shown in Figs. 2 through 
10. The tables on which these curves are based are 
not furnished because their inclusion would require 
an excessive amount of space. 


Results and Discussion 


The formation of the different oxides and the 
phenomena accompanying their growth will be dis- 
cussed individually in the sections that follow. 

Vaporized MoO;: At temperatures above approxi- 
mately 600°C, the rate of vaporization of MoO, be- 
comes significant and is linear at all temperatures up 
to 770°C, as is expected for a zero order reaction 
process. The results obtained are shown in Figs. 2 
and 3. The temperature dependence of the linear 
rate constants is shown in Fig. 4, where the loga- 
rithm of the rate constants are plotted against the 
reciprocals of the absolute temperatures. There is a 
break in the curve at about 650°C, indicating a 
change in activation energy at this temperature. The 
values for the energy of activation calculated from 
the two slopes are: 53,000 cal per mol for tempera- 
tures below 650°C and 89,600 cal per mol for tem- 
peratures above 650°C. This compares with the 
value of 50,800 cal per mol reported by Gulbransen 
in the range 474° to 523°C and 46,900 cal per mol 
found by Speiser. The change in mechanism at about 
650°C is confirmed by three other phenomena: 

1—The appearance and shape of the oxide on the 
metal changes at about 650°C. At the lower tem- 
peratures, the shape of the oxide is with re-entrant 
edges which show that oxidation took place at the 
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metal-oxide interface. At these temperatures the 
rate of evaporation of MoO, is slow and most of it 
remains on the surface. At temperatures above 
650°C, the shape of the oxide is usual for protective 
oxides growing on metals. 

2—Pitting of the underlying metal surface and 
blistering of the oxide surface were clearly observed 
in the range of 550° to 650°C. No signs of pitting 
could be found at temperatures above or below this 
range. The number and size of these hemispherical 
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Fig. 3—Isothermal curyes show the rate of formation of MoO; 
vapor above 700°C. 
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Fig. 4—Plots of the logarithm of the linear rate constants for 
the formation of MoO; vapor are given. 
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Fig. 5—Isothermal curves show the rate of growth of surface 
MoO; below 700°C. 
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Fig. 6—Isothermal curves show the rate of growth of surface 
MoOs above 700°C. 


pits increase with time and temperature. These pits 
are visible after about 16 hr oxidation at 550°C and 
after only 1 hr at 650°C. Their formation does not 
seem to be governed by a critical oxide thickness, 
since no pits could be produced at 500° or at 700°C 
even after formation of much thicker oxides than 
those required at the other temperatures for pit for- 
mation. In the pitting range the scale consists of 
columnar grains, and the formation of pits is 
ascribed here to the more rapid diffusion of oxygen 
at grain boundaries. 

3—The rate of formation of surface MoO, and of 
total MoO, reaches a maximum at about 600°C, as 
described in the next section. 

Surface MoO;: The thickness of the MoO, remain- 
ing on the surface of the specimens increases with 
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Fig. 7—Isothermal curves show the rate of growth of total 
below 700°C. 


time and temperature in a manner shown in Figs. 5 
and 6, which represent the plots of data for tempera- 
tures below and above 700°C, respectively. At tem- 
peratures below 700°C, the rates of growth of the 
oxide are parabolic and reach a maximum at 600°C. 
The rates at 650° and 700°C are appreciably lower 
than the rate at 600°C. This is an unusual phenom- 
enon, since the oxidation rates of metals always in- 
crease with temperature. The rate at 650° is in- 
itially less than the rate at 700°C, but increases sud- 
denly to a greater value after a critical period. This 
sudden increase may be related to mechanical crack- 
ing of the MoO, layer which occurs when a critical 
thickness is exceeded. The oxide is brittle at these 
temperatures and breaks down mechanically under 
the stresses set up by the increase in volume which 
accompanies the formation of MoO,. 

At 725° and 750°C, the rate of formation of the sur- 
face MoO; appears to be linear, with breaks in the 
curves occurring after some critical thickness has 
been reached. At 770°C the oxide reaches a constant 
thickness and does not increase further with time, 
since its rate of evaporation then is equal to its rate 
of formation. 

The structure of the MoO, remaining on the sur- 
face consists of fibrous rhombic crystals extending 
across the oxide in a direction perpendicular to the 
metal surface. 

Total MoO;: The total amount of MoO, formed as a 
function of time is plotted in Fig. 7 for temperatures 
below 700°C and in Fig. 8 for temperatures above 
700°C. At the lower temperatures the rates are 
parabolic, whereas at the higher temperatures they 
are linear. At temperatures below 70U°C, the rate 
of formation of the total oxide reaches a maximum 
at 600°C. As in the case of the surface MoO,, the 
rates at 650° and 700°C are appreciably lower than 
the rate at 600°C. Also, the rate at 650° is initially 
less than at 700°C but increases suddenly to a 
greater value after a critical period. There is also a 
break in the curve at 700°C. 

At 725°, 750°, and 770°C, the rates of formation of 
total MoO, are again linear, with breaks in the 
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curves after a critical thickness of the oxide has 
been exceeded. 

Since the rate of vaporization of MoO, is negligibly 
slow at temperatures below 600°C, the logarithms of 
the rate constants for the formation of total MoO, 
are plotted in Fig. 9 against the reciprocals of the 
absolute temperatures for the range below 600°C. 
A straight line is obtained, giving a value for the 
_ energy of activation of 48,900 cal per mol for the 
formation of MoO,. 

The ratio of MoO, vaporizing to that remaining on 
the metal surface is plotted in Figs. 10 and 11. The 
ratio MoOgwapory/ MOOsisurtacey INcreases markedly with 
temperature, since the increase in the rate of vapori- 
zation with temperature is greater than the increase 
in the rate of formation of MoO, on the surface. 
There is an anomaly at 750°C, where the ratio is 
slightly less than at 725°. At any given temperature, 
the ratio appears to increase with time to a constant 
value, except for 770°C where the ratio continues to 
increase linearly and rapidly with time. At 700°C 
the ratio increases at a parabolic rate with time. 

Suboxide MoO,: The amount of MoO, formed at all 
the temperatures is relatively insignificant, com- 
pared to the rate of formation of MoO,. It remains 
nearly constant in thickness with time and does not 
increase appreciably with temperature. This indi- 
cates that after a critical thickness the rate of forma- 
tion of MoO, becomes equal to the rate at which it is 
oxidized to MoO,. Fig. 12 shows the measured quan- 
tities of MoO, formed at 600° to 725°C. At lower 
temperatures, the quantity formed is negligibly 
small. 

Marker Movements: The movement of inert mark- 
ers placed at an interface across which diffusion 
takes place has been studied previously.” Marker 
movement experiments have been carried out in this 
study using radioactive silver as inert markers. Sil- 
ver has the advantage that it neither dissolves in the 
metal and its oxides nor oxidizes at these tempera- 
tures. Very small amounts of the marker can be 
detected by means of autoradiographic methods. 
Thin deposits of silver were applied by wetting a 
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Fig. 8—Isothermal curves show the rate of growth of total 
MoO; above 700°C. 
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silk thread in active silver nitrate solution and 
touching each side of the molybdenum specimens, 
leaving thin parallel wet marks. These were dried 
and the silver nitrate decomposed to silver in the 
preliminary heating of the sample before oxidation 
began. After oxidation, the MoO, scale remaining 
on the surface was easily separated from the unoxi- 
dized metal by gently tapping the edge of the speci- 
men with a small hammer. Autoradiographs were 
obtained by placing the two halves of the scale and 
the underlying metal separately between two X-ray 
films for three days. The autoradiographs obtained 
showed that all the radioactive silver had remained 
on the outer surface of the MoO,, since none could 
be detected either on the metal surface or on the 
inner surface of the MoO, scale. 

The MoO, and MoO, grow by oxide ion diffusion, 
with practically no molybdenum ion participation. 
During oxidation, the molybdenum ions are added 
at the inner face and stay fixed. This finding is in 
accord with that of Speiser® who used coatings of 
chromic oxide as markers. 

The autoradiographs of the outer surface of the 
MoO, scale showed a uniform darkening over the 
whole surface, which means that the original thin 
line of radiosilver had diffused sideways across the 
surface. This rapid surface diffusion of silver on 
MoO, is in marked contrast to its behavior in the 
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Fig. 10—Effect of time and temperature upon the ratio 
MoOswvapor/MoOscsurtace) is illustrated for the range below 
700°C. 
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Fig. 11—Effect of time and temperature upon the ratio 
MoOswvapory/MoOscsurtacey) iS illustrated for the range above 
700°C. 


oxidation of iron, where it showed no evidence of 
surface diffusion at the interface between Fe and 
FeO. 

Summary 

The rates of oxidation of molybdenum in pure 
oxygen at 1 atm pressure have been determined 
with good precision over the temperature range 500° 
to 770°C. In addition to multilayer oxidation rates, 
the rates of growth of the different oxides formed, 
namely, the inner MoO, layer, the layer of MoO, re- 
maining on the surface, and the MoO, volatilizing off, 
have been determined. 

The rate constant is a complex function of tem- 
perature in the growth of the different oxides, since 
the mechanical properties of the oxides and the rates 
of vaporization of the MoO, change with tempera- 
ture. 

The rate of vaporization of MoO, is linear with 
time. The energy of activation is estimated to be 
53,000 cal per mol for temperatures below 650°C 
and 89,600 cal per mol for temperatures above 650°C. 

The growth of the MoO, remaining on the surface 
obeys the parabolic law below 700°C, with a maxi- 
mum rate at 600° which is greater than the rates at 
650° and 700°C. At 725° and 750°C, its rate of for- 
mation appears to be linear, with breaks in the 
curves after a critical thickness is exceeded. At 
770°C the oxide does not increase beyond a critical 
thickness, since its rate of vaporization then equals 
its rate of formation. 

The total amount of MoO, formed is again a com- 
plicated function of time and temperature. There is 
a maximum in the rate of oxidation at 600°C which 
is appreciably greater than the rates at 650° and 
700°C. At temperatures below 600°C, where the 
rate of evaporation of MoO, is very low, the para- 
bolic rate constant can be evaluated and an energy 
of activation of 48,900 cal per mol is calculated for 
the formation of MoO,. 
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Fig. 12—Growth of MoO: is shown by the quantities formed 
at 600° to 725°C. Below this range, the quantity formed is 
negligible. 


The ratio INCreases Mar- 
kedly with temperature. The ratio increases with 
time to a constant value, except for 700°C where it 
increases parabolically with time and at 770°C 
where it increases linearly with time. 

The amount of suboxide MoO, formed is relatively 
insignificant at these temperatures and pressures 
and does not increase beyond a critical thickness, 
where its rate of formation equals the rate at which 
it oxidizes to MoO, . 

At temperatures above 725°C, catastrophic oxida- 
tion of an autocatalytic nature was encountered. 

Pronounced pitting of the metal was found to oc- 
cur in the temperature range 550° to 650°C. 

Marker movement experiments, with radioactive 
silver as inert markers, indicate that the oxides on 
molybdenum grow almost entirely by diffusion of 
anions. 
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Contribution to Mathematics of Zone Melting 


by Leslie Burris, Jr., C. H. Stockman, and I. G. Dillon 


Zone melting is a purification process in which separation of impurities is effected by 
slowly moving a narrow melted zone through a bar of solid material. Equations are pre- 
sented which 1—predict the concentration profiles after successive passes of the zone and 
2—give the limiting distribution of solute along the bar after an infinite number of passes 
of the molten zone. These equations take into account the effect of normal freezing in the 
last zone length. These equations were solved numerically using an electronic computer, 
and the concentration profiles are presented as a function of the solute distribution coeffi- 
cient and the ratio of molten zone to total bar length. 


ONE MELTING is a purification process in which 
separation of impurities is effected by slowly 
moving a narrow melted zone through a bar of 
solid material. Separation occurs if the solid freez- 
ing from a solution at any moment has a composi- 
tion different from that of the liquid from which 
it is freezing. Solutes which lower the freezing point 
will tend to remain in solution and will be moved 
in the direction of zone travel. Solutes which raise 
the freezing point will preferentially freeze out, and 
they will be moved in a direction opposite to that of 
zone travel. 

After repeated unidirectional passage of a molten 
zone through a bar of material, impurities will be 
concentrated in the ends of the bar. A limiting con- 
centration gradient will be reached in the bar after 
a large number of passes of the molten zone. Both 
the magnitude of this limiting concentration gra- 
dient and the rate of movement of solute in any 
pass depend on the zone length and on the equi- 
librium concentrations of solute in the lquid and 
solid phases. 

The basic theory of zone melting was thoroughly 
covered by Pfann.* The purpose of this paper is to 
extend the theory of zone melting by presenting 
1—equations which relate the concentration profiles 
in successive passes of the zone and 2—equations 
which give the limiting distribution of solute along 
the bar after an infinite number of passes of the 
molten zone. These equations take into account the 
effect of normal freezing* in the last zone length 


* Normal freezing is the term applied to the freezing of a length 
of molten metal from one end. This occurs in the last zone length. 


and are valid for all values of the distribution co- 
efficient k, which is the ratio of equilibrium of the 
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“AIME by Nov. 1, 1955. Manuscript, Sept. 13, 1954. Chicago Meet- 
ing, February 1955. 


TRANSACTIONS AIME 


M 
Length Solidified Zone 


Solid Charge 


L 


Direction of Zone Travel —————=» 


Fig. 1—Schematic diagram of zone melting. 


concentration of a given solute in the solid to the 
concentration of the same solute in the liquid. Ana- 
lytical methods for determining the concentration 
profiles after any pass have been developed by Lord’ 
and Reiss.’ The method developed by Lord does not 
take into account normal freezing in the last zone 
and also becomes very complicated when the num- 
ber of passes becomes large. The method developed 
by Reiss enables the direct calculation of the com- 
plete concentration profiles (including that in the 
last zone) after any pass for values of k close to 
unity (0.9 < k < 1.1). Both methods are useful and 
provide valuable insight into the zone melting 
process. 

The equations given in this article are based on 
the same assumptions used by Pfann. These are: 
1—uniform composition in the liquid, 2—negligible 
diffusion in the solid, 3—constant distribution co- 
efficient, 4—constant length of the liquid zone (ex- 
cept at the ends), and 5—solubility of the solute in 
the melt is not exceeded at any point. 


Equations for Concentrations in Successive Passes 

For a melted zone of length | at the left-hand end 
of a bar of uniform unit cross-section, the amount 
of solute in the liquid is 


da [1] 
where the subscript is the number of the pass. 
C,.1(x2) represents the concentration (expressed as 


weight per unit volume) obtained in the previous 
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Fig. 2—Concentration profiles in a zone melted rod. 
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Fig. 3—Effect of k on concentration profile after one pass. 


pass at a point located a distance x from the left end 
of the bar. 

When the molten zone is moved a distance x (see 
Fig. 1), the net amount of solute contained in the 
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Fig. 4—Effect of k on concentration profile after five passes. 


molten zone is 


Cnalx) dx— f [2] 
The first integral represents the total amount of 
solute taken up by the molten zone in moving a dis- 
tance x and the second integral represents the 
amount of solute deposited behind the molten zone. 
Dividing the net amount of solute by the volume 
of the moiten zone gives the concentration of solute 
in the liquid. Multiplying this concentration by k 
gives the concentration of solute in the solid freez- 
ing at point x. Hence 


Ci (x2) = Corl) ax | [3] 


Eq. 3 holds for all of the bar except the last zone 
length. Because the forward end of the liquid zone 
reaches the end of the bar when x = L — l, the 
liquid zone gains no more solute and normal freez- 
ing begins. The term x + I becomes meaningless 
because it refers to a point beyond the end of the 
bar. However, Eq. 3 becomes applicable to the last 
zone if it is written as 


L 
J C,(x) ax | [4] 
L-x 
which is applicable only for L-l = x = L. Eas. 3 
and 4 are the general equations for zone melting. 
They are applicable for all finite values of k and 
give concentration distributions over the entire 
length of the bar. 


Equations for Limiting Distribution of Solutes 


Eqs. 3 and 4 are suitable not only for pass by pass 
calculations but also for determining the ultimate 
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or limiting distribution. When the limiting distri- 
bution is reached, further passes produce no changes 
in concentrations. Consequently, C, = C,., and Eqs. 
3 and 4 become 


k 
C(x) C(x) dx 
C= = L-1 [5] 


k L 
Cr) 


Solution of Equations 

An analytical solution for these equations has not 
been found. However, numerical methods of solu- 
tion have been developed using the trapezoidal rule 
for the integration. These numerical methods are 
given in the Appendix and were used in an IBM 
card-programmed electronic computer to obtain 
concentration distributions for each of ten consecu- 
tive passes for k’s of 0.01, 0.1, 0.2, 2, 5, and 10 
and for molten zone lengths of 5, 10, and 20 pct of 
the bar length. Also, the ultimate distribution of 
solute along the bar was determined for each of 
these conditions. A uniform initial concentration of 
1 (weight/unit volume) was assumed to exist in 
the bar. Data obtained from these theoretical cal- 
culations are presented in Figs. 2 through 11. 

Fig. 2 shows the concentration profiles for ten 
successive passes for a k of 0.1 and an l of 0.2 and 
is an example of the type of information obtained. 
Similar data were obtained for each of the com- 
binations of variables, but space limitations pre- 
clude showing these graphs. Instead, emphasis will 
be placed on discussion of the effects of changes in 
k and I on the concentration profiles. 
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Fig. 5—Effect of k on concentration profile after ten passes. 


TRANSACTIONS AIME 


In Fig. 2, reflection of the sharp concentration 
rise caused by normal freezing in the last zone length 
is evident over much of the bar length. It may be 
noted that nine passes produced a concentration 
profile very close to that of the limiting distribution. 
For fewer passes than the number giving the limit- 
ing distribution, the concentration profiles seem to 
peel off from the limiting distribution line. Thus, at 
the completion of the fifth pass, concentrations in 
the last 40 pct of the bar are essentially at the limit- 
ing concentration values, while those in the initial 
60 pct of the bar are much higher than could even- 
tually be reached. For a shorter zone length, nine 
passes do not produce a concentration profile close 
to that of the limiting distribution except in the 
first few zone lengths from the end of the bar toward 
which the zone travels, and this approach to the 
limiting distribution occurs only when k is less than 
RO: 

Figs. 3, 4, and 5 show the first, fifth, and tenth 
passes with | = 0.1 for all the values of k used in 
the computations. Note that after one pass, for k 
greater than unity, there is a long concentration 
plateau on which the concentration is equal to the 
initial concentration. After five passes, the plateau 
has been considerably shortened. After ten passes, 
it has disappeared. If the zone length were one- 
twentieth the bar length, a portion of this plateau 
would remain even after ten passes. On the other 
hand, if the zone length were one-fifth the bar 
length, the concentration plateau would have dis- 
appeared by the completion of the fourth or fifth 
pass. 

This effect of zone length for a k greater than one 
is illustrated in Fig. 6 where for a k of five the solute 
distribution curves are shown after one and ten 
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10° 


passes for zone lengths of 5, 10, and 20 pct of the 
bar length. For a zone length 20 pct of the bar 
length, ten passes have produced the limiting con- 
centration gradient. It should be pointed out that 
when k is greater than one, any molecule of solute 
cannot move in one pass a distance greater than the 
zone length. Thus, the longer the zone length, the 
greater is the movement of solute and the fewer 
the number of passes required to give the limiting 
concentration gradient. In the extreme, the limiting 
concentration is produced in one pass by normal 
freezing when the zone length is equal to the total 
bar length. 

However, as shown in Fig. 7, the shorter the zone 
length, the steeper is the concentration gradient 
which results for the limiting distribution. Thus, 
there is merit in employing a relatively long zone 
length in the initial passes to effect a rapid move- 
ment of solute and a short zone length in the later 
passes to effect greater purification from the solute. 
This is illustrated in Fig. 8 in which is shown the 
concentration profile obtained with k = 2.0 by mak- 
ing seven passes with | — 0.2, followed by two passes 
with 1 = 0.1. This concentration profile is compared 
with that obtained by making ten passes with | = 


+4 
oO NA Xx. 
4 ote xX 
Ne) 
-4 
x k 
ro) Xx 
~ -12 ‘oO 
ce 
= 
3 
-20 
-24;-- 
oO 
z 
fo) 
Oo 
oO. Zone Travel 
4 -32 
-36 
| | | | 


O 20 40 60 80 100 
LOCATION (% of total bar length) 


Fig. 7—Effect of zone length / on limiting distribution profile. 
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0.1. It appears that the nine passes with two zone 
lengths are roughly equivalent to 12 passes, all at 
the shorter zone length. 

The effect of zone length for k’s less than one is 
illustrated in Fig. 9 where the first and tenth passes 
are shown for k = 0.1 and l’s of 5, 10, and 20 pet of 
the bar length. This effect for k’s less than one is 
less pronounced than for k’s greater than one, as 
comparison with Fig. 6 will show. Again, the longer 
zone length will give more rapid solute movement 
and a more rapid attainment of a limiting concen- 
tration gradient than do shorter zone lengths. How- 
ever, aS previously pointed out, the shorter zone 
length produces greater eventual purification. 

The fact that the tenth pass curve for 1 = 9.10 
crosses that for 1 = 0.05 in Fig. 9 is a consequence 
of the reflection back into the bar of the effect of 
normal freezing in the last zone length. After sev- 
eral more passes, the concentration profile for | = 
0.05 would lie entirely below that for 1 = 0.10 and 
eventually the limiting distribution curves shown 
in Fig. 7 would be approached. 

Fig. 10 shows the effect of k on the limiting dis- 
tribution for 1 = 0.05. Data are given in Table I 
from which limiting distribution lines for 1 = 0.10 
and 0.20 may be constructed. The limiting distri- 
bution curves for k’s of less than one are very slightly 
lower than those presented by Pfann' because of in- 
clusion of the normal freezing effect in the last por- 
tion of the bar to freeze. The effect of normal 
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Fig. 8—Effect of changing zone lengths on concentration profiles. 
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Table I. Concentrations for Construction of Limiting Distribution Curves 


90 Pct 
Starting End; 20 Pct of Bar} 50 Pct of Bar} of Bar 
k<1* l= 0.10 l= 0.20 l= 0.10 l = 0.20 l= 0.10 l= 0.20 1 = 0.10 
0.01 2.02x10-27 6.77x10-14 8.03x10-22 3.37x10-11 1 
: .55x10-18 9.14x10-7 1.00x10-1 
B28 1.28x10-7 5.71x10-2 4.59x10-6 2.80x10-7 1.14x10-3 9.91x10-4 
nee 5.30x10- 1.43x10-5 1.07x10-8 2.03x10-4 3.04x10-5 1.14x10-2 1.93x10° 
5 4.43x10-5 1.05x10-2 5.35x10-4 3.67x10-2 2.19x10-2 2.43x10-4 3.77x10° 
90 Pet 
of Bar} 95 Pct of Bar} 98 Pct of Bar} 99 Pct of Bar+ 
k<1* l= 0.20 l= 0.10 l= 0.20 l= 0.10 l= 0.20 l= 0.10 1 = 0.20 
0.01 9.93x10-2 1.99x104 1.97x10-1 4.92x10-4 4.88x10-1 9.77x10-4 9.70x10-1 
0.10 9.22x10-1 1.85x10° 1.72x10° 4.22100 3.93x10° 7.87100 7.32x100 
0.20 1.67x10° 3.36x10° 2.90x10° 6.99x10° 6.04x10° 1.22x101 1.05x101 
0.50 2.65x109 5.34x100 3.75x109 8.44x10° 5.93x109 1.19x101 8.38x10° 
10 Pct 
Starting End} 2 Pet of Bar+ 5 Pct of Bar; of Bart 
k>1* l= 0.10 = 0.20 l= 0.10 l= 0.10 l= 0.20 1 = 0.10 
2.0 1.596x101 7.97x100 1.16x101 6.80x10° 7.17x10° 5.35x10° 3.22x10° 
5.0 4.97x101 2.48x101 1.80x101 1.51x101 3.93100 7.13x10° 3.11x10-4 
10.0 1.00x102 5.00x101 1.30x101 1.80x101 7.78x10° 3.89x10° 3.66x10-3 
10 Pet 
of Bar} 50 Pct of Bar; 90 Pct of Bar} 99 Pct of Bar} 
k>1* = 0.20 0.10 = 0.20 20-10) =0.20 0.10 l= 0.20 
2.0 3.59x10° 5.37x10-3 1.48x1044 8.47x10-8 6.39x10-3 8.47x10-7 6.39x10-4 
5.0 2.05x10° , 4.74x10-10 9.45x10-5 1.13x10-21 3.25x10-9 7.07x10-23 3.25x10-18 
10.0 3.02x10-1 3.96x10-23 4.05x10-10 1.15x10-38 1.72x10-19 1.15x10-47 1.72x10-% 


16 is distribution coefficient; in first two sections, k is less than one and in the last two sections, k is greater than one. 
7 Ratio of final to initial concentration at starting end and various percentages of the total bar. 1 is length of the molten zone. 


freezing on the shape of the limiting distribution 
curve near the finishing end of the bar is depicted 
in Fig. 11. This curve shows a sharp break as the 
front end of the zone approaches the end of the bar. 
This is caused by reflection of the very steep con- 
centration gradient at the end of the bar due to 
normal freezing in the last zone length. 

The foregoing theoretical calculation methods give 
the best performance which could be realized by 
zone melting. How closely k’s realized experi- 
mentally agree with those obtained from phase 
diagrams will depend on the rate of zone travel and 
adherence to the assumptions used in the derivation. 
The assumption which is most difficult to realize 
experimentally is that of uniform concentration in 
the molten zone. Hayes and Chipman,’ Tiller et al.,° 
and Wagner’ point out the existence of a boundary 
layer at the solidifying interface and discuss the 
shape of the solute concentration gradient in this 
boundary layer under various conditions. The exist- 
ence of such a concentration gradient will make the 
k’s realized experimentally closer to one than those 
obtained from phase diagrams. 


Appendix: Derivation of Numerical Methods 
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For this derivation, the length of the bar will be oat eee te 
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a way that the length 1 of the liquid zone is an (0) 20 40 60 80 100 


integral multiple of Ax. Hence 


LOCATION (% of tota! bar length) 
Fig. 9—Effect of zone length | on solute movement for a k less 


Use of the trapezoidal role in Eq. 3 gives, at x = 0 


NAr=1 [7] than one. 
1 = bAz. [8] 
In addition, let 
C, = C, (idx) [9] 


where i is the number of increments Ax counting 
from the end of the bar at which the liquid zone 
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Fig. 10—Effect of k on limiting distribution profile. 


For 0 < x = 1 — l, the substitution of the trape- 
zoidal rule in Eq. 3 reduces to 


2k 
n 2b + k n-1 n 
where 
a 
1 
(c: +c) [12] 
g=1 2 
[13] 
and 
n n 9 n 


n 


In the last zone length, that is 1 — 1 = x = 1, the 
trapezoidal rule is used in Eq. 4 to give 


2k 


 9(N-i) +k [16] 


Eqs. 10, 11, and 16 provide a means of calculating 
concentrations in successive passes. Eqs. 14 and 15 


1022—JOURNAL OF METALS, SEPTEMBER 1955 


(End Effects; L=0.05L; k <1.0) 


10° 


z 
° 
10-2 
10-3 95 
Direction of Zone Trove! 
10-4 
10-5 | | | 
88 90 92 94 96 98 100 


LOCATION (% of toto! bar length) 
Fig. 11—Effect of normal freezing on limiting distribution. 


aid the computations by providing a relation be- 
tween successive S'’s and S*"’s in the calculations 
for any single pass. 

Using the trapezoidal rule in Eq. 5 and solving 
for C' gives 


2k 
(ox Tt 
2b—k 
0Si1< N-b 
where 
4+b-1 
Tt = > ae [18] 
and 
Pe 2 2 
Eq. 6 has the analytical solution 
SS 


where A is a constant. For numerical calculations, 
this can be rewritten as 


A (Ax)*2 (N-i)** =. [211 


To compute the limiting distribution, it is necessary 
to start at the end of the bar toward which the zone 
travels and work backward. Eq. 4 gives the con- 
centration in the last zone except for a scale factor 
(Aa 

The scale factor is determined by using 


Ct = (N-i)** [22] 


for the range N-b SiN. The starting values so 
obtained are used to continue the calculations back 
through the bar with Eq. 17. The proportional con- 
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centrations C thus obtained are integrated over the 
length of the bar to give the total amount of solute 
in the bar divided by the scale factor. Since the 
total amount of solute in the bar is known, the scale 
factor can then be determined. 

When k is greater than one, the integration for 
the foregoing normalization can be carried out over 
the entire length of the bar by the trapezoidal rule. 
When k is less than one, however, Eq. 20 gives in- 
finity for x = 1.0. This difficulty can be circumvented 
by integrating analytically in the last zone 


al 


= [23] 
k 
1-1 
Since the scale factor is A (Ax)** 
= 
(x) dx = ax [24] 


The trapezoidal rule can then be used to integrate 
over the remainder of the length of the bar. 

When the foregoing equations are used for numer- 
ical calculations for k greater than unity, accurate 
results will not be obtained unless b, the number of 
increments of Ax in a zone length, is equal to or 


greater than k. Furthermore, when k is less than 
unity, it is better to form each T‘ individually from 
Eq. 18 rather than to use Eq. 19. 
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Instability of a Smooth Solid-Liquid Interface During 


Solidification 


by D. Walton, W. A. Tiller, J. W. Rutter, and W. C. Winegard 


It is shown that the cellular substructure observed in binary alloy crystals grown 
from a melt of known concentration can be eliminated by the proper choice of growth 
conditions. For a given solute concentration, there exists a critical ratio of tem- 
perature gradient G in the melt to the rate of solidification R of the crystal, i.e., of 
G/R, which must be exceeded before the cellular structure can be eliminated. A 
secondary substructure is observed which is related to the cellular substructure. 


iB crystals grown from the melt, a prismatic sub- 
structure has been observed by Buerger,’ Pond 
and Kessler,’ and Rutter and Chalmers.” This struc- 
ture is columnar in the direction of growth and ap- 
pears as a network of hexagonal cells in the plane 
of the solid-liquid interface. 


D. WALTON, W. A. TILLER, J. W. RUTTER, and W. C. WINE- 
GARD are associated with Dept. of Metallurgical Engineering, Uni- 
versity of Toronto, Toronto. 

Discussion of this paper, TP 4035E, may be sent, 2 copies, to 
AIME by Noy. 1, 1955. Manuscript, Aug. 2, 1954. Chicago Meet- 
ing, February 1955. 
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Rutter and Chalmers’ have shown that this sub- 
structure occurs as a result of the presence of a 
layer of high impurity concentration in the melt 
adjacent to the solid-liquid interface. The forma- 
tion of the substructure is accompanied by a re- 
distribution of this impurity in the neighborhood of 
the interface. The structure can be controlled by 
proper adjustment of the variables in the solidifica- 
tion process such as a rate of solidification and the 
temperature gradient in the liquid. 

The redistribution of solute during the solidifica- 
tion of metal crystals has been treated theoretically 
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Fig. 1—Liquid is constitutionally supercooled when the actual 
temperature is lower than the liquidus temperature or equilib- 
rium freezing temperature. Curve a demonstrates the condi- 
tions necessary for constitutional supercooling, while curve b 
illustrates the conditions necessary for the elimination of 
constitutional supercooling. 


by Tiller et al.* It is shown that, in the absence of 
convection, the solute concentration builds up to a 
steady state distribution in the liquid adjacent to 
the advancing solid-liquid interface, given by the 
following equation 


1-k 
C, (Ce 


) Cs [1] 


where C, is the solute concentration at any distance 
zx in the liquid ahead of the interface, C, is the 
initial concentration of solute in the melt, k is the 


0.020 fo) 
0.015 
fo} 
Co 
%, Pb 
0.010 
cells 
0.005 cells : 
disappearing 
pox 
no cells 
5 10 15 20 


G/r °C, sec/cm? x 10? 


Fig. 2—Results for lead in tin, listed in Table 1, are plotted as 
Co vs G/R for cell formation. 
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ratio of concentration of solute in the solid being 
formed to the concentration in the liquid from which 
it forms (k is assumed to be constant), R is the con- 
stant rate of solidification of the crystal, and D is 
the diffusion coefficient of the solute in the liquid. 

Wagner’ has shown that the assumption of no 
mixing due to natural convection is valid for rates 
of solidification greater than 5 mm per min for the 
alloy system used in this investigation. Therefore, 
Eq. 1 will be valid. 

The concentration at every point in the liquid 
ahead of the interface may be calculated from Eq. 1, 
and thus the equilibrium liquidus temperature T, at 
each point in the liquid can be calculated from 


Cen Ck [2] 


where T, is the temperature of the interface and m 
is the slope of the liquidus line. The actual tem- 
perature at any point in the liquid, however, de- 
pends upon the temperature gradient G that exists 
in the liquid metal. It is possible, therefore, that the 
actual temperature may be lower than the liquidus 
temperature or equilibrium freezing temperature at 
that point. If this condition exists, as shown in Fig. 
1, curve a, then the liquid at that point is said to be 
constitutionally supercooled. As discussed by Rutter 
and Chalmers,® under these conditions the plane 
interface may be expected to become unstable and 
change to the cellular form. 

The initial point of instability occurs when the 
temperature gradient at the interface is equal to 
the tangent of the equilibrium temperature distri- 
bution curve at the interface, as shown in Fig. l, 
curve 6. The temperature gradient G in front of 
the interface may be expressed as 


Therefore, by equating the slopes of the two curves 
given by Eqs. 2 and 3, it is possible to calculate the 
critical growth conditions for no supercooling and 
thus no instability of the plane interface. The crit- 
ical values may be found by solving the equation 


G/R=—m 


which results from equating the slopes of the two 
curves given by Eqs. 2 and 3. 

The present investigation was undertaken to de- 
termine experimentally the growth conditions neces- 
sary to suppress the cellular structure at various 
concentrations of solute in the melt and thereby to 
investigate the validity of the theoretical prediction 
given in Eq. 4 by Tiller et al.* 


Experimental Procedure 


Experiments were carried out using tin as the 
solvent material; the tin was zone refined in a man- 
ner similar to that described by Pfann,° until the 
purity was estimated at better than 99.999 pct. The 
major solute was lead supplied by Johnson, Matthey 
Ltd. and was reported to be 99.998 pct pure. 

The crystals with known additions of the solute 
were grown using the modified Bridgman technique 
described by Chalmers.” The specimens, containing 
a small number of crystals, were grown using vari- 
ous rates of solidification and different temperature 
gradients. The solid-liquid interface of each crystal 
was examined for evidence of the cellular structure 
by separating the liquid metal from the solid in the 
manner described by Elbaum.® 
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terface appears if 
specimens are pro- 
duced under condi- 
tions to the extreme ¢. 

left of the curve in @ 
Fig. 2. X100. Area Lia 
mately 40 pct for 
reproduction. 
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Fig. 5—Interface struc- 
ture with enlarged hex- 
agonal cells results when 
specimen conditions are 
near the curve of Fig. 2. 
X140. Area reduced ap- 
proximately 40 pct for 
reproduction. 


The solidification of the crystals was controlled 
by moving a furnace and a cooling jacket, a fixed 
distance apart, down a graphite boat at a definite 
rate. The rate of solidification could be varied by 
changing the rate of movement of this heat-source— 
heat-sink combination along the graphite boat. 

This rate was measured by putting ripples on the 
surface of the growing crystal at fixed time inter- 
vals. The rate of growth was found to correspond 
to the speed of the furnace withdrawal. 

The temperature gradient was varied by chang- 
ing the temperature of the furnace and the distance 
between the furnace and cooling jacket. The grad- 
ient was determined by using an iron-constantan 
thermocouple connected to a Leeds and Northrup 
recorder. This thermocouple was placed in the melt 
at the point where the interface would be when the 
liquid was decanted. By analyzing the time-temper- 
ature plot on the recorder, the temperature gradient 
at that position of the interface could be evaluated. 


Table |. Results for Lead in Tin 


G, °C R, Cm 
Co, Pct perCm Sec G/R Remarks 
0.0024 21 0.011 2.1x10? Cells 
0.0024 27 0.0063 4.3 No cells 
0.0060 22 0.013 Wey Cells 
0.0060 28 0.0044 6.3 Pox 
0.010 32 0.0044 Lies} Cells 
0.010 39 0.0044 8.7 Pox 
0.010 39 0.0044 8.7 Cells, disappearing 
0.015 44 0.0044 10 Cells 
0.015 59 0.0032 19 No cells 
0.020 44 0.0032 14 No cells 
0.020 28 0.0032 8.6 Cells 
0.020 43 0.0032 14 Pox 
0.020 34 0.0032 11 Cells 
0.020 65 0.0032 20 No cells 
0.020 42 0.0032 14 Pox 
0.020 40 0.0032 Ls Cells 
0.0015 ye 0.026 0.6 Cells 
0.0015 19 0.016 12 Cells 
0.0015 as 0.013 1.8 Cells, disappearing 
0.0015 23 0.011 Pox 
0.0015 30 0.0068 4.3 No cells 
0.0046 23 0.017 i183 Cells 
0.0046 25) 0.010 25 Pox 
0.0046 31 0.0068 4.6 No cells, growth structure 
0.0046 31 0.0083 3.7 Pox 
0.012 31 0.0063 4.8 Cells 
0.012 42 0.0063 6.6 Cells 
0.012 44 0.0063 7.0 Cells 
0.012 70 0.0063 itil Pox 
0.012 50 0.0063 8.0 Cells, disappearing 
0.012 56 0.0063 8.9 Pox 
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Fig. 4—In specimens 
produced under con- 
ditions to the left of, 
but near, curve of 
Fig. 2, an irregular 
hexagonal structure 
results. X140. Area 
reduced approxi- 
mately 40 pct for 
reproduction. 


Fig. 6—Elongated hex- 
~ agonal cells appear in 
the interface structure 
When specimen condi- 

_ tions are near the curve 
of Fig. 2. X140. Area 
. reduced approximately 
\ 40 pct for reproduction. 


Observations and Results 

The results obtained for lead in tin are listed in 
Table I. If these results are plotted as C, vs G/R, a 
curve is obtained as shown in Fig. 2. It may be 
seen that, for low solute concentrations, cells may 
be eliminated at low values of G/R, but for higher 
solute concentrations it takes a higher value of G/R 
in order to avoid the formation of the cellular struc- 
ture. Thus, if it is desirable to eliminate the cellular 
structure for a given solute concentration, it is 
necessary to raise the G/R ratio by increasing the 
gradient and/or decreasing the rate of solidification. 

The substructures observed on the decanted inter- 
face were different, depending upon the conditions 
used during the solidification process. If the speci- 
mens were produced under conditions to the extreme 
left of the curve in Fig. 2, then the cellular struc- 
ture appeared regular and well developed, as shown 
in Fig. 3. When the specimens were produced under 
conditions to the left of, but near, the curve, the 
hexagonal pattern becomes irregular, as shown in 
Fig. 4. As the curve is approached, the cell size 
changes and some cells become much enlarged, 
Fig. 5, or elongated, as shown in Fig. 6. As the 
boundary is crossed, the cells disappear, as seen 
from Fig. 7. To the extreme right of the transition 
region, there are no cell boundaries present but 
evidence is seen of the crystallographic steplike 
structures investigated by Elbaum,* as shown in 
Fig. 8. At the right, but near, the curve, an inter- 


Fig. 7—Cellular 
structure of the in- 
terface disappears 
as the curve of Fig. 
2 is crossed. X140. 
Area reduced ap- 
proximately 40 pct 
for reproduction. 
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Fig. 8—lInterface with steplike and poxlike 
structures results when specimen conditions 
are to the extreme right of the curve in Fig. 
2. X140. Area reduced approximately 40 pct 
for reproduction. 


esting structure appears, Fig. 9, which gives the 
interface a pebbly appearance. This poxlike struc- 
ture is shown to possess the following properties: 

1—It appears near the transition region. 

2—The number of pox decreases as conditions 
move to the right of the transition region. 

3—The structure depends upon crystallography, 
i.e., it does not appear when the steplike structure 
is present. This is demonstrated in Fig. 8, where two 
different crystal faces are present in the interface. 

4—The structure does not coexist with cells. 

5—The structure appears under the conditions 
where cells begin to disappear, as shown in Fig. 10. 
When the cells have disappeared, the poxlike struc- 
ture exists, as shown in Fig. 9. 

6—The poxlike structure consists of an irregular 
array of projections on the interface. The projec- 
tions are much smaller than the cells. 


Discussion 

It appears that the poxlike structure is the first 
manifestation of the redistribution of solute in order 
to eliminate a small amount of constitutional super- 
cooling. When the amount of solute is too large to 
be redistributed by the poxlike structure, then the 
cellular structure appears. 

From the appearance of the curve in Fig. 2, it 
seems that the theoretical prediction for cell for- 
mation by Tiller et al.,* as given in Eq. 4, is at least 
qualitatively correct. If it is assumed that the equa- 
tion is quantitatively correct, then it is possible to 
calculate a diffusion coefficient for the solute in the 
solvent. The values used to obtain the diffusion 
coefficient are obtained from the equilibrium dia- 
gram and from the experimental results; these are 
listed in Table II. The diffusion coefficient obtained 
is 2.0x10~ sq em per sec. This value is lower than 
the 3.68x10~ sq cm per sec value given by Jost’ for 
the diffusion coefficient at 500°C. However, the dif- 
fusion coefficient for 232°C can be computed by 
using Jost’s value at 500°C and an activation energy 
of 1.4 kcal per mol (the activation energy of viscous 
flow). This calculated coefficient is 2.3x10° sq cm 
per sec, which is in excellent agreement with the 
coefficient of 2.0x10~ sq cm per sec obtained by the 
use of Eq. 4. 


Table Il. Data Used to Obtain Diffusion Coefficients for Lead in 


Liquid Tin 
Solute k m Co, R/G D, Sq Cm per Sec 
Lead 0.13 21 1.5x10-6 2.0x10-5 
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Fig. 9—Poxlike structure which appears when 
the specimen conditions are at the right, but 
near, the curve of Fig. 2 gives the interface 
a pebbly appearance. X140. Area reduced 
approximately 40 pct for reproduction. 


regions appears under conditions where cells 
begin to disappear; see Fig. 9. X140. Area 
reduced approximately 40 pct for reproduction. 


The fact that the diffusion coefficient as calculated 
from Eq. 4 appears to be correct is further proof of 
the validity of the theoretical work of Tiller et al.* 

Since the transition from a plane interface to a 
cellular interface depends upon the concentration of 
solute present in the melt, this technique may be 
used to give a measure of the purity of any mate- 
rial. It is readily seen from Fig. 2 that for every 
C, there is a definite G/R ratio which must be ex- 
ceeded before the cellular structure can be elim- 
inated. If, for a given system, the curve of Fig. 2 
is known or can be evaluated, then it is possible to 
measure the composition of a true binary alloy by 
determining experimentally the value of G/R at 
which the plane interface becomes unstable. On the 
other hand, if the impurities present are not known, 
it is still possible to evaluate the purity of the mate- 
rial. For any alloy, a critical value of G/R can be 
determined experimentally. By substituting this 
value in Eq. 4, a concentration C, can be calculated 
for assumed values of k and m. If the effects of the 
impurities do not cancel each other, the maximum 
amount of any given impurity whose k and m values 
are known can be estimated. 
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Some Aspects of Slip in Germanium 


by R, G. Treuting 


Germanium single crystals strained in tension at 600°C slip on the {111} plane and, 
macroscopically at least, in the <110> direction. Deformation is inhomogeneous: yarious 
localized rotations are observed, as is a banding consistent with secondary slip band- 
ing. The structure after deformation is polygonized with a domain size of about 2x107 
cm. In relaxation tests, an incubation period prior to flow is observed, of duration in- 
versely related to temperature and applied stress. Under continuous loading, there is a 
sharp first yield point. A critical resolyed shear stress therefore must be cited with re- 
spect both to temperature and to rate of loading. At 600°C, when loading proceeds 
at 2900 psi per min, it is 1310 psi. The yield point phenomenon is suggestive of Cottrell’s 
solute atom atmosphere theory and five points of qualitative agreement with this theory 


are found. 


LASTICITY of germanium at elevated tempera- 
tures has been reported by Gallagher,’ who as- 
cribed it to slip on {111} planes and described some 
associated effects. Preliminary experiments with 
single crystals of silicon and germanium loaded as 
simple beams confirmed {111} as the slip plane of 
both materials.” This was demonstrated by the 
standard technique employing traces on two sur- 
faces of known angle on a deformed crystal of known 
orientation.’ These experiments did not fix the slip 
direction, since more than one glide system oper- 
ated. Uniaxial tensile straining is preferred for 
this purpose in order to restrict slip to one predom- 
inant system and to provide an unequivocal deter- 
mination of the orientation change with respect to 
the stress axis. 
Experimental Method 
Specimens were diamond-sawed from germanium 
crystals containing about 5x10” wt pet Sb prepared 
by the zone-leveling process described by Pfann 
and Olsen;' these specimens measured about 8% in. 
long, 0.20 in. wide, and were of various thicknesses 
from 0.035 to 0.060 in. Prior to testing, a specimen 
was coated over 1 in. or more of length at each end 
with Apiezon wax, chemically polished (in a solution 
of 15 ml HF, 25 ml HNO, 15 ml CH,COOH, and 3 to 
4 drops Br,), and dewaxed in warm xylene. A brief 
re-etching after scribing through a complete wax 
coating with vernier dividers provided gage marks 
at 0.206 in. intervals on the polished surface. 
A specimen with grips soft soldered to the ends 
was passed through the furnace tube and the grips 
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pinned to the tensile machine in series with a stress 
gage. The Schopper testing machine is best de- 
scribed by reference to the illustration on p. 107 of 
Schmid and Boas’ and is operated with the pendu- 
Jum arm locked, fixing the upper head. Load is ap- 
plied through the screw-driven lower head, manu- 
ally or by reduced speed motor. 

The furnace is 24% in. long surrounding a 4x7/16 
in. ID quartz tube and was positioned about the 
specimen to permit free motion. The inert or reduc- 
ing atmosphere required was sufficiently provided 
by a flow of helium introduced at the center of the 
furnace tube, with the tube ends loosely plugged 
with asbestos paper. Surface corrosion was slight. 

The stress gage employs a Be-Cu strip with SR-4 
units incorporated in a simple bridge network with 
provision for balancing and calibrating. The bridge 
output on loading is fed through a Leeds and North- 
rup de amplifier to a Speedomax 10 mv recorder, 
and calibration is obtained by dead loading. 

Experiments of two types have been conducted. 
Most have been in relaxation at constant elonga- 
tion. One stress-strain curve has been taken with the 
machine continuously driven. 

Following extension of a specimen, Laue X-ray 
photographs were taken to obtain the orientation 
change between deformed and undeformed regions, 
recorded on a single film by translating the speci- 
men in a plane normal to the beam between ex- 
posures. Sequences of such multiple exposures were 
made on some specimens to include the entire ori- 
entation range on one film. 


Slip Direction 
To obtain a maximum orientation change with a 
single slip system, crystals of very closely <110> 
axial orientation were used. The classic determina- 
tion of slip direction rests on establishing that direc- 
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Fig. 1—Double-exposure Laue photogram shows indicated 
<110> zones of strained and unstrained regions intersect- 
ing in the common axis. 


tion in the slip plane toward which a tensile stress 
axis migrates; see ref. 5, p. 84. The axis of rota- 
tion mutual to the deformed and undeformed orien- 
tations is then normal to the plane determined by 
stress axis and slip direction. Alternatively, workers* 
have employed the postulate that the asterism ob- 
served on Laue photographs of deformed material 
results from localized rotations about an axis lying 
in the slip plane and normal to the slip direction, 
the Taylor rotation.’ In either case, any experi- 
mentally observed rotation axis should be normal to 
the slip direction. 

In the present work, the five specimens cut paral- 
lel from the same bar were so oriented that the axis 
of rotation operating during deformation lay within 
the Laue pattern and could be well fixed, Fig. 1. In 
all instances, it lay essentially in a <110> zone, the 
axis of which was situated in the operative slip 
plane as determined independently from the visible 
slip lines. The location of the rotation axis in this 
zone always lies between the latter’s intersection 
with the slip plane and its intersection with the 
plane normal to the stress axis, Fig. 2. This shows 
the location of the stress axis in five specimens at 
varying degrees of strain. The axes of rotation are 
shown between the [112] and [111] poles. (Some 
small variations in initial orientation due to slightly 
different positioning of successive specimens with 
respect to the X-ray beam have been eliminated by 
rotating to a common initial orientation. The range 
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Fig. 2—Composite stereogram of five crystals shows the 
course of the stress axis and the axes of crystal rotation. 


in orientation in each specimen is unchanged in so 
doing.) 

The primary slip plane as determined by visible 
slip traces is the (111) in Fig. 2. The migration of 
the stress axis with increasing strain in the case 
of two specimens is along a great circle path directly 
toward the [110] direction in this plane. The other 
locations tend to define a great circle intersecting the 
slip plane some 7° toward [211] from the [110]. All 
observed deviations in path from an ideal [110] 
have been in this sense. 

The measured elongation of the central section of 
one specimen was 31.5 pct. Laue photographs of this 
region showed such diffuse spots due to the orienta- 
tion range as to be beyond plotting, but had well 
developed Debye rings. A rod was therefore cut 
paralle! to the stress axis and a rotating crystal pat- 
tern taken, Fig. 3. The pattern exemplifies a highly 
developed texture and indexes to a <123> rotation 
axis, i.e., stress axis. The location of the [132] pole 
is shown in Fig. 2. It lies on the great circle between 
a [011] initial stress axis and the [110] direction. 

Applying the Schmid-Boas formula’ to this case, 
with [110] as the slip direction, the calculated strain 
is 31.3 pct, in close agreement with the measured 
strain of 31.5 pct. : 

Banding 

The elongation of Laue spots, now generally 
termed asterism, was observed frequently but not 
consistently in the photographs of deformed regions. 
The local rotations represented by such elongated 


Fig. 3—Rotating crystal pat- 
tern is given for crystal ex- 
tended 31.5 pct. Rotation axis 
is the stress axis, indexing 
<123>. Taken with copper 
radiation, nickel filter. 
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spots do not all have the same axis of orientation. 
Figs. 4a, 4b, and 4c give stereographic projections 
of three crystals. In the case of Fig. 4c, the direction 
of spot extension closely parallels a major zone. In 
the case of Figs. 4a and 4b, the axes of local rotations 
were located within a radius of perhaps 5°, with a 
more restricted most probable location.* The as- 


pee optimum determinations were made by plotting stereogra- 
phically the zonal envelopes of the termini of the elongated spots 
and their zone axes. The set of great circles passing through 1— 
the intersection of a pair of the envelope zones and 2—the angular 
midpoint of the respective zone axes, then intersect at the axis com- 
mon to the two orientations represented. 


sortment of local rotations typifies the inhomo- 
geneity of deformation found in germanium after 
even relatively small strains under the present con- 
ditions. 


In the case of the crystal of Fig. 4c, the [121] 
axis of local rotation is consistent with slip on the 


(111) cross-sliip plane in the nonprimary [101] 


direction. This, however, les also in the (111) 
conjugate slip plane. The possibility of conjugate 
slip is suggested by Fig. 5 and recent findings of 
Honeycombe.* Fig. 5 is an X-ray micrograph after 
Barrett,’ taken on a specimen cut axially from the 
crystal of Fig. 4c after this had experienced a crys- 
tallographically calculated’ resolved shear strain of 
0.35 and was lightly ground smooth and chemically 
polished. The stress axis is horizontal, and the 
micrograph is a positive, i.e., lighter areas are those 
of greater diffracted intensity. Confirming the orien- 
tation of the specimen in situ has shown that the 
traces of the primary slip planes are the somewhat 
vague light lines roughly parallel to the dark bands, 
running from upper right to lower left. Honeycombe 
with a similar technique has found in aluminum 
crystals strained in tension ‘bands of secondary 
slip,” the banding roughly parallel to the primary slip 
plane and the slip on a conjugate plane. For the 
original orientation of this crystal, the resolved shear 
stress for an axial stress o, is 0.43 o, in the primary 
(111)[110] system and 0.39 o in the conjugate 
(111) [101] system. These values are very close to 
those recorded by Honeycombe for an aluminum 
crystal of apparently similar orientation in which 
bands of secondary slip were observed. 

Such bands of secondary slip and the streaking 
plotted in Fig. 4c suggestive of local rotations in the 


cross-slip plane have the [101] direction in common, 
As the Laue photograph was not necessarily taken 
directly on a banded region, the two possibilities are 
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not mutually exclusive and, together with the ob- 
servations of the other local axes described, may 
all be possible inhomogeneities in the plastic de- 
formation of germanium. 


Polygonization 

Reverting to Fig. 5, the alternate array of sharply 
defined lines disposed normal to the primary slip 
lines and secondary slip bands are noted. Also, in 
the rotating crystal pattern, Fig. 3, all the higher 
angle Ka doublets are clearly resolved, although the 
Laue pattern for this specimen was broadly diffused. 
Coexistence of these aspects indicates a structure of 
very small volumes of strain-free material of pro- 
gressively slightly different orientation, as in poly- 
gonization.” The finer boundaries of Fig. 5, approxi- 
mately normal to the slip traces, are consistent with 
this. 

With a magnification in Fig. 5 of X70, the aver- 
age width of the delineated domain is about 0.02 
mm, considerably smaller than the usually reported 
dimensions of a polygon. However, E. S. Greiner 
and P. Breidt, Jr." have shown that germanium 
single crystals deformed 24 pct in compression at 
900°C have a microstructure consisting of small 
volumes of linear dimensions of about 3x10° cm. 
The size of these domains is a function of the tem- 
perature of deformation, but in their work the size 
was not observed to increase perceptibly on subse- 
quent high temperature annealing. The specimen of 
Fig. 5 was deformed in tension 19 pct at 600°C and 
held at this temperature about 2 hr. 

F. L. Vogel” has now reported a micrographic 
and X-ray study on dislocations in bent germanium. 
His micrographs of dislocation etch pits reveal a 
block structure aligned normal to the slip planes at 
temperatures of deformation of 650°C and above. 
Vogel regards the array of “slightly misoriented 
blocks” as evidence for polygonization and gives a 
size of 10° cm from both optical and X-ray evidence. 
Thus, there is substantial agreement on the poly- 
gonized domain size among the three separate 
studies. 

; Dynamics of Flow 

The dynamic behavior of germanium is quite 
sensitive to rate of strain. This is associated at the 
outset with the incubation period under stress prior 
to flow reported by Gallagher*® and invariably con- 
firmed in the present series of experiments. During 
the incubation period, the rate of decline of load 
at fixed elongation is very small. In at least one 
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‘Fig: 4—Stereographic projections (a, b, and c) are given for patterns of strained germanium crystals with axes of local rotations. In cases 
of elongation of Laue spots, the local rotations represented by such elongated spots do not all have the same axis. 
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crystal of <112> orientation studied, the load- 
time slope was horizontal and the incubation period 
terminated abruptly. In the <110> orientation, 
termination of incubation has been marked by a 
continuous transition over a few seconds to a very 
rapid exponential decay of stress with time. Incuba- 
tion periods are given in Table I together with the 
applicable temperatures and initial applied stresses. 
An inverse relationship to temperature and to ap- 
plied stress is found. 

Stress-decay rates will not be given in this paper 
except to note that, on repeated loading to the same 
initial stress following relaxation to some given 
fraction thereof, the decay rate decreases—i.e., the 
time to relax the fixed fraction of stress increases. 
Germanium work hardens. On annealing free of 
load (for example, for 2 hr at 750°C after strain- 
ing at 600°C), the rate of stress relaxation at 600°C 
is increased, but not to its initial value, and de- 
creases as before on further straining. A part of the 
work hardening is recoverable, presumably in con- 
junction with polygonization, but restoration of the 
virginal mechanical properties is no more observed 
than is recrystallization. 

The incubation period under fixed strain is paral- 
leled by a sharp yield point under continuous load- 
ing. As the strain first increases nearly linearly in 
time, the required incubation period is abbreviated 
simultaneously with the elapsed time under load; 
and when yielding occurs, it is cataclysmic, with an 
abrupt drop in stress. Hence, a critical resolved 
shear stress for slip in germanium is incompletely 
meaningful unless the loading rate is specified. In 
the specimen continuously loaded, the yield point at 
600°C of 3140 psi was attained in 65 sec, a loading 
rate of 2900 psi per min. The softness of the ma- 
chine makes the strain rate inexact, but, on cali- 
brating the machine with a test bar, an approximate 
rate of elongation of 0.003 in. per min was derived. 
Under these conditions, the resolved shear stress 
at yield was 1310 psi. 

The abrupt yield point is followed by a strain- 
hardening curve of normal appearance, and the 
stress-strain curve as a whole is highly suggestive 
of the yield point phenomenon in mild steel and of 
the mechanism for the latter proposed by Cottrell.” 
In particular, on an immediate reloading after re- 
lease of stress, the sharp first yield point is no longer 
evident. 


Table |. Incubation Periods for Flow of Germanium in Relaxation 
<110> Orientation 


Incubation 


Temperature, °C Applied Stress, Psi Period, Sec 
600 900 195 (Approx.) 
600 1330 150 (Approx.) 
600 1970 80 
600 2370 42 
650 1340 35 
800 — Imperceptible 


It is felt that the plastic behavior of germanium 
affords a singular opportunity for quantitative com- 
parison with Cottrell’s theory. This paper is con- 
fined to mention of five points of qualitative agree- 
ment: 

1—Absence of the sharp first yield on immediate 
reloading is the first point. 

2—The yield point is found in dilute solutions, for 
example, 10° to 10° wt pct C in iron. Zone-leveled 
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Fig. 5—X-ray micrograph taken of the crystal represented by the 
stereographic projection of Fig. 4c. Stress axis was horizontal. 
Positive print. X70. Area reduced approximately 65 pct for re- 
production. 


germanium is assuredly sufficiently dilute; the ques- 
tion is whether it is too dilute for the mechanism 
to apply. (The present specimens contained about 
5.x10° wt pct Sb. Assuming a dislocation density of 
10* per sq cm,“ a solute concentration of the order of 
about 10° wt pct would be sufficient.) Since in ger- 
manium there is opportunity for both electrical and 
elastic interaction between dislocations and solute 
atoms, it is suggested that increased force may here 
produce the yield point at lower impurity concen- 
trations. 

3—The theory predicts a sharp dependence of 
yield point on temperature, which in the case of 
germanium follows from the temperature depend- 
ence of the incubation period. 

4—The incubation period and its stress depend- 
ence are consistent with the theory and are as found 
in experiments of Wood and Clarke on mild steel, 
cited by Cottrell.” 

5—The banding observed and local rotations de- 
scribed are consistent with the condition of initial 
yielding in regions of high stress concentration. 


Summary 

1—Germanium deforms by slip on the {111} plane 
and, on a macroscopic scale, in the <110> direction. 

2—Slip in a tensile-strained single crystal is ac- 
companied by local rotations, sume of not readily 
rationalizable description. 

3—One specific kind of local rotation observed is 
describable as that conforming to kinking with re- 
spect to a cross-slip plane or to secondary slip band- 
ing parallel to the primary slip plane. There is 
X-ray micrographic evidence of such banding. 

4—Germanium polygonizes concurrently with or 
immediately following tensile deformation at tem- 
peratures as low as 600°C. The block domains are of 
linear dimensions of the order of 2x10“ cm, essenti- 
ally the same as found by other workers. 

5—Germanium crystals loaded to constant stress 
in tension undergo an incubation period prior to 
any substantial plastic flow, the duration of which 
varies inversely with temperature and applied stress. 

6—Associated with the incubation period, there is 
a sharp first yield point under continuous loading 
which is not obtained on immediate reloading, simi- 
lar to mild steel. 

7—On continued straining, germanium work 
hardens and is only partially softened by annealing, 
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which can result* in further degree of polygoniza- 
tion. 

8—The yield point behavior is qualitatively con- 
sistent with Cottrell’s solute atom atmosphere theory 
of the sharp yield point. 
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Bauschinger Effect in Creep and Tensile Tests on Copper 


by J. D. Lubahn 


The Bauschinger effect, or rounding of the corner of the stress-strain curve upon re- 
loading, represents a temporary apparent softness that is more pronounced at large strains 
than small and for complete unloading than for partial unloading. Interrupted creep tests 
on copper exhibit a similar temporary softness (high creep rate) upon reloading. The fact 
that the strainwise dying-out time of these effects is the same in both tensile and creep 
tests shows that they are related. Thus, the term Bauschinger effect appears to embrace 
behavior following partial or complete unloading and reloading in addition to behavior fol- 
lowing reversed loading. It is suggested that the term may properly apply also to certain 
creep behaviors following a small load decrement. 


NTERRUPTED tensile tests at low temperatures 

show’ a rounding of the corner of the stress- 
strain curve for reloading, which indicates a tem- 
porarily low deformation resistance. In the absence 
of recovery, the curve soon rises to the value that 
would have prevailed if the test had not been in- 
terrupted. The rounding of the reloading tensile 
curve has sometimes been referred to’ as the Bau- 
schinger effect, although the term is more com- 
monly applied to low deformation resistance in 
compression following tensile prestrain. The un- 
usually broad usage of the term Bauschinger effect 
in ref. 1 seems justified by the obvious interconnec- 
tion of the various behaviors to which it has been 
applied.’ In fact, the following discussion will indi- 
cate that still broader usage might be desirable. 


J. D. LUBAHN is associated with Metallurgy and Ceramics Re- 
search Dept., Research Laboratory, General Electric Co., Schenectady. 

Discussion of this paper, TP 4006E, may be sent, 2 copies, to 
AIME by Noy. 1, 1955. Manuscript, Sept. 2, 1954. Chicago Meet- 
ing, February 1955. 
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The Bauschinger effect is common at room tem- 
perature but apparently disappears at higher tem- 
peratures.’ 

Interrupted creep tests and tensile tests were 
made on certified OFHC copper (nongaseous im- 
purities exclusive of silver were 0.004 pct), cold 
drawn 84 pct to % in. diam, and annealed at 600° 
(about 0.025 mm grains) or 850°C (about 0.2 mm 
grains). The tests were made in standard creep or 
tensile machines, using an O.S. Peters microformer- 
type extensometer or, for the small plastic strains, 
a special arrangement employing General Electric 
magnetic gage heads.® 

Interrupted creep tests at room temperature 
show*® * an initial softness after reloading, mani- 
fested by an initial creep rate that is higher than 
that which would have prevailed if the test had not 
been interrupted. Fig. 1 shows some typical ex- 
amples. This effect is apparently temporary (as is 
that in tensile tests): in four of the five tests shown, 
the log rate vs strain curve becomes parallel to an 
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Fig. 1—Interrupted creep tests at room temperature on certified 
OFHC copper, cold drawn 84 pct, and annealed 1 hr at the tem- 
perature shown. See also refs. 3 and 4. 


extension of the part of the curve that precedes un- 
loading; and in the fifth test, the reloading curve 
appears to be approaching a parallel curve.” 


*Note that the reloading curve approaches a curve which is 
lower than an extension of the prior curve. This tendency indicates 
that some strengthening has occurred while the load was off. The 
magnitude and significance of this strengthening are pertinent to 
another investigation, but not to this one, and are discussed else- 
where. 


A possible relation between the temporarily low 
stress after interrupting a tensile test and the tem- 
porarily high rate after interrupting a creep test 
may be indicated by a consideration of the strain in- 
erements for dying-out of the effect. Fig. 2 shows 
that the strain increment required for the Bau- 
schinger effect to die out in tensile tests on copper 
increases with increasing strain. This trend is in- 
dicated in Fig. 3, where the data from Fig. 2 have 
been summarized, as well as the results of all the 
interrupted creep tests from refs. 3 and 4. Fig. 3 
shows that the strain increment for dying-out 
varies with strain in the same way for both the 
tensile testing effects of Fig. 2 and the creep test- 
ing effects of Fig. 1. Apparently the two effects are 
related to each other. 

The effects described previously were obtained 
following complete unloading prior to reloading. 
The effects following partial unloading are similar 
but not quite as pronounced (Fig. 4). The magnitude 
of the effects diminishes continuously as the per- 
centage of load removed decreases, but a pronounced 
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Fig. 3—Comparison of dying-out times for the Bauschinger 
effect in creep and tensile tests on OFHC copper. 


effect still remains even when only a small fraction 
of the load has been removed. 

The foregoing effects following partial unloading 
may be similar to previously observed* departures 
from plastic idealityt following very slight unload- 


+ Plastic ideality, as defined in ref. 4, implies that the plastic 
behavior depends only on the current conditions, and not on past 
history, such as prior temporary unloading. Thus, the Bauschinger 
effect constitutes a departure from plastic ideality. 


ing. According to this earlier investigation, the 
elongation rate diminished with elongation much 
more rapidly after a load decrement than after a 
load increment. How rapidly the elongation rate 


(8) diminishes with elongation (8) in a constant 
load test may be represented by the quantity 


(0 log, 6/08), where p is load. Fig. 5 shows a par- 
ticularly striking example of this effect and Fig. 6 
summarizes the results of creep test following both 
load increments and load decrements. 

The effect was apparently temporary,‘ however, 
because one test continuing through a much larger 
strain increment than the others (Fig. 7) showed an 
eventual decrease in the rate of. diminution of creep 
rate. The slope eventually reached in the test of 


Fig. 7—the value of (0 log 8/d §),—is shown by the 
filled circle in Fig. 6, which has a position near the 
trend line that characterizes the behavior following 
a load increment. 

Thus, for copper, the creep characteristics follow- 
ing a small load decrement are similar in certain 
respects to those following partial or complete un- 
loading and reloading; there is a temporarily high 
rate of change of the creep rate with strain. This 


Fig. 2—Interrupted tensile test on certified 
OFHC copper, cold drawn 84 pct, and an- 
nealed 1 hr at 600°C. 
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Fig. 4—Interrupted tensile test on certified 


OFHC copper, cold drawn 84 pct, and an- 
nealed 1 hr at 850°C. Initial diameter was 
0.300 in. 
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Fig. 5—Room temperature transient experiment on OFHC 
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nately added and removed. Initial diameter was 0.300 in. 

Data from Lequear and Lubahn.* 
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Fig. 7—Room temperature transient experiment on OFHC cop- 
per annealed at 600°C showing creep behavior following a 
load decrement. Initial diameter was 0.300 in. Data from 
Lequear and Lubahn.* 


similarity suggests that the behaviors under the two 
circumstances are both manifestations of the same 
basic phenomenon; and perhaps, therefore, the be- 
havior corresponding to the abnormally high filled 
triangles in Fig. 6 should be included as part of what 
is called the Bauschinger effect. 
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Zirconium-Columbium Diagram 


by B. A. Rogers and D. F. Atkins 


The constitutional diagram presented herein is relatively simple. Complete mutual solid 
solubility exists for an interval below the solidus line, a continuous curve with a flat 
minimum near 22 pct Cb and 1740°C. Upon cooling, the solid solution breaks up, except at 
the columbium-rich side, from two causes: zirconium-rich alloys transform under the influ- 
ence of the 8-a transformation in zirconium; alloys of intermediate composition decompose 
into two solid solutions below 1000°C. The combined effect is the formation of a eutectoid 
at a temperature of 610°C and a composition of 17.5 pct Cb. The eutectoid horizontal ex- 
tends from 6.5 to 87.0 pct Cb. Some age hardening effects have been observed in the zir- 
conium-rich alloys but the positions of the solvus lines remain uncertain. 


N recent years, zirconium has been produced in 

much larger quantities than were available pre- 
viously. Correspondingly, the incentive for study- 
ing its alloy systems has increased, as the number 
of recent publications on alloy systems testifies. 
However, only a partial diagram of the Zr-Cb sys- 
tem has been published and relatively few refer- 
ences have been made to alloys of the two metals. 

Hodge’ investigated the Zr-Cb system up to 
about 25 pct Cb. His data on melting points were 
not sufficiently numerous to distinguish with cer- 
tainty between the alternatives of a narrow eutec- 
tic horizontal and a wide flat minimum in the soli- 
dus curve. Although Hodge considered his results 
on transformations in the solid state to be only 
tentative, he suggested that the eutectoid in the 
zirconium-rich alloys lay at about 625°C and 10 
pet Cb and estimated that the solubility of colum- 
bium in zirconium at 625°C was near 6 pct. 

According to Simcoe and Mudge,” less than 0.5 
pet Cb is soluble in zirconium at 800°C. These 
authors observed an increased strength in both the 
0.5 and 1 pet Cb alloys made with hafnium-con- 
taining zirconium. According to Keeler,’ the 
strength of zirconium is increased by addition of 
columbium to a content of at least 3 pct. Keeler* 
also observed a maximum in hardness at about 10 
atomic pct Cb and commented on the brittleness of 
alloys of this composition. Anderson, Hayes, Rober- 
son, and Kroll’ investigated the tensile properties of 
Zr-Cb alloys containing 5.1 and 12.9 pct Cb at room 
temperature and at 343°C. The 12.9 pct alloy had a 
high tensile strength at room temperature but also 
a low percentage of elongation. All alloys had high 
elongation at 343°C. Litton’ measured strength and 
elongation values of annealed alloys containing up 
to 27.5 pet Cb and found low elongation values for 
all of the alloys of high columbium content. Some 
observations on the resistance of Zr-Cb alloys to 
corrosion in water at high temperature have been 
published by Lustman, De Paul, Glatter, and 
Thomas’ who found that additions of columbium up 
to 1 pet had only a minor effect on the corrosion 
resistance of zirconium. 


Preparation of the Alloys 
Raw Material: Zirconium of a relatively good 
grade was available for making the alloys. It was 
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Table |. Spectrographic Analysis of Zirconium Used in Making 


Zr-Cb Alloys 
Element Pet 
Aluminum <0.003 
Calcium <0.001 
Chromium <0.003 
Copper 0.005 
Hafnium <0.05 
Iron <0.02 
Magnesium <0.001 
Nickel 0.002 
Silicon 0.014 
Titanium <0.002 


obtained as scrap pieces that had been left over from 
an operation that included production by the iodide 
process, melting under a protecting atmosphere, and 
fabrication to plates. The individual pieces had 
hardness values of 24 to 32 Ra and a typical analysis 
is shown in Table I. 

The columbium also was scrap trimmed from 
sheets. It was furnished by the Fansteel Metallurgi- 
cal Corp. and had a high ductility but its analysis 
was known only approximately. The metal probably 
contained about 0.5 pct Ta, perhaps 0.25 pct C, and 
a few hundredths percent each of iron, silicon, and 
titanium. 

Melting: The alloys were melted in a tungsten- 
electrode copper-crucible are furnace similar to 
units that have been described recently in the metal- 
lurgical journals.** 

The crucible of this furnace is provided with a 
cavity in which a getter charge can be melted before 
the melting of the alloy charges. Hardness measure- 
ments on the ingots indicate that the getter charge 
takes up a considerable fraction of the oxygen and 
nitrogen from the. helium atmosphere of the furnace. 

The alloys used in the investigation are given with 
their intended compositions, hardness, and melting 
points in Table II. 

Fabrication: All alloys of the Zr-Cb system ap- 
pear to be amenable to fabrication. At least, all of 
the compositions listed in Table II could be reduced 
to wires in a rotary swaging machine. The starting 
material was either slabs cut from ingots and ground 
by hand to rough cylinders or narrow strips trimmed 
from sheets made by cold rolling slabs. 

However, not all of the alloys could be fabricated 
satisfactorily by the same method. From 0 to 4 pet 
Cb and from 20 to 30 pct Cb or more, the alloys could 
be swaged cold from % in. cylinders to 0.80 mm 
wires with only one intermediate annealing, some- 
times with none. From 40 to 90 pct Cb, the alloys 
were difficult to swage either hot or cold but could 
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Table Il. Intended Composition, Hardness, and Melting Temperature 
of a Series of Zr-Cb Alloys 


Melting 
Temperature, °C 

Alloy Hardness,* Aver- 

No. Cb, Pet Ra Measured Values age 
M-748 1.0 40 — — 
M-749 2.0 53 — — 
M-942 3.0 58 {| — 
M-751 5.0 63 1820, 1805, 1805 1805 
M-753 5.0 63 1779 
M-615 6.0 63 1749, 1789 1770 
M-606 8.0 71 1790 1790 
M-618 8.0 69 
M-607 10 66 
M-946 10 69 1779, 1774 1775 
M-608 12 61 1769 1770 
M-850 13 59 1765 1765 
M-851 14 COm 1769 1770 
M-679 15 59 1758 } 1765 
M-852 15 60 1779 
M-868 TED) 53 1733, 1749, 1743 1745 
M-855 20 54 1743, 1769 } 1745 
M-869 20 53 1743, 1743 
M-867 22.5 53 1718, 1743 1735 
M-879 25 52 1743, 1750 i 1745 
M-678 30 55 
M-880 30 55 1754, 1733, 1769, 1740 1750 
M-648 40 63 1790 j 1790 
M-743 50 64 1810 1810 
M-647 60 64 1851 1850 
M-741 70 65 1952 1950 
M-949 75 63 
M-742 80 64 2065 2065 
M-948 80 62 
M-870 90 — 2220 2220 
M-815 100 — 2435 2435 


* Refers to hardness of slab cut from ingot. 


be rolled cold easily. Pieces cut from the rolled strip 
could then be swaged cold through several dies. Al- 
loys from 5 to 17 pct Cb required a different treat- 
ment. They were cased in air-tight steel jackets and 
swaged at 800° or 825°C to rods of % to 3/16 in. 
diam. Then, after their jackets had been stripped 
off, they were cleaned and put through a two-stage 
heat treatment under vacuum. The first stage of this 
treatment consisted in a heating to 900°C at a rate 
slow enough to ensure that the pressure did not rise 
above 3x10° mm Hg, holding the rods at tempera- 
ture for an hour or two, and then cooling them as 
rapidly as possible—to a black heat in about 2 min. 
In the second stage, the rods, without being removed 
from the furnace, were reheated to about 500°C, 
held at temperature for 10 or 20 hr and cooled at any 
convenient rate, perhaps 200°C per hour. After this 
heat treatment, they could be swaged cold through a 
reduction of 50 to 80 pct in diam. 

Heat Treatment of Specimens: Heat treatments 
were intended to bring the alloys into one of two 
conditions. In the first, the alloys were cooled as 
rapidly as possible from 900°C after having been at 
the temperature for 20 hr. The cooling was suffi- 
ciently effective to retain the high temperature con- 
dition in all but the zirconium-rich compositions 
because the transformation becomes increasingly 
sluggish as the columbium content rises beyond 5 
pet. The second treatment included the first treat- 
ment plus subsequent heating between 500° and 
600°C for-periods lasting from 60 to 400 hr. It was 
intended to bring the low temperature phases into 
equilibrium. 

Apparatus and Methods 

The positions of the lines in the diagram were de- 
termined mainly by the measurements of four prop- 
erties. These were: 1—melting point, 2—change of 
electrical resistance with temperature, 3—change of 
length with temperature, and 4—lattice parameter. 
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Supplementary data were obtained from hardness 
measurements and microscopic examination. 

Melting Point: The apparatus for determination of 
melting point was based on a method used by Pirani 
and Alterthum.” As it has been described in a report 
of another investigation,” details are not given here. 

Resistance Temperature Measurements: Variation 
of electrical resistance with temperature can be 
measured with simple apparatus. The circuit used 
in this investigation is illustrated in Fig. 1. If the 
specimen and a standard resistance are connected as 
shown in the figure and a constant current main- 
tained in the circuit, then the resistances are in the 
same ratio as the voltage drops across them. 

Dimensions of the specimens differed. Diameters 
varied from 0.75 to 1.33 mm and lengths, before the 
specimen was bent to a hairpin, were 3 to 4 in. 

Dilatometric Measurements: The dilatometric 
curves were made on an instrument developed by 
Dooley and Atkins.” As a description of the appara- 
tus has been published, only a few of the main fea- 
tures need be outlined here. 

The essential element of the instrument is a linear 
differential transformer of which the output varies 
according to the position of its movable core. The 
coils of the transformer are held in a fixed position 
whereas the core is mounted on a light silica push 
rod that rests upon the specimen and follows its 
change of length. Hence, the output of the trans- 
former is a measure of the length of the specimen. 
An advantage of the apparatus is that specimen, 
specimen support, transformer, and push rod can be 
contained in a tight glass and silica system that may 
be exhausted so that the specimen is not oxidized. 
Furthermore, it is readily adaptable for use with 
automatic function plotting devices. The apparatus 
used in this investigation had been designed for 
specimens approximately %4 in. diam by 1 in. long. 

Determination of Lattice Parameters: Although 
the X-ray diffraction apparatus is a composite of 
parts from two manufacturers, the individual parts 
are standard items. The camera is a standard Debye- 
Scherrer type with a diameter of 114.6 mm. An X- 
ray tube with a copper cathode was used in this 
investigation. The filter was a sheet of nickel. 

Miscellaneous Apparatus: Metallographic and 
hardness testing equipment is so standardized as to 
require no description. 

Some resistance measurements on alloy wires at 
room temperature were made with a Kelvin bridge. 
Because this apparatus is designed for heavy cur- 
rents, the specimens became heated slightly above 


TO 
POTENTIOMETERg__— 


TEMPERATURE 
MEASURING POT. 


0- 100 
ma 


Fig. 1—Circuit used in measurements of electrical resistance. 
a represents platinum wire; b, Pt-Rh wire; s, standard 0.1000 
ohm resistance; and x, the specimen. 
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Fig. 2—Plotted data from which the Zr-Cb diagram was drawn. 
Open circle represents beginning of melting and also resistance 
temperature data; half-closed circle, dilatometric data; and square, 
data from X-ray patterns. 
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Fig. 3—Room temperature resistivity of the Zr-Cb alloys in two 
different conditions. Curve A gives resistivities of alloys 
cooled rapidly from 900°C. Curve B gives resistivities of alloys 
reheated after rapid cooling. Compositions from 4 to 13 pct 
Cb inclusive were heated at 575°C for 160 hr and 590°C for 
120 hr. Compositions from 15 to 90 pct Cb inclusive were 
given the same treatment plus 120 additional hr at 590°C. 


room temperature unless readings were taken very 
quickly. Frequently, measurements were interrupt- 
ed so that the specimen could cool. 


Results of the Investigation 
General Comments on the Diagram: The results 
of this investigation can be described most readily 
from the constitutional diagram shown in Fig. 2. As 
suggested by the caption, the diagram is based al- 
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Fig. 4—Four char- 
acteristic types of ji 
electrical resistance Y 
temperature curves. 
a— Zirconium-rich 
alloys, below 6.5 a b 
pct Cb. b—Hypo- 
eutectoid alloys, 6.5 
to 17.5 pet Cb. c— 
Eutectoid alloy. d— 
Hypereutectoid al- 
loys, 17.5 to 87 pct 
Cb. 
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Fig. 5—Resistance temperature graph of unalloyed zirconium. 


most entirely on the results obtained from dilato- 
metric measurements, from resistance temperature 
graphs, and from X-ray data. Because the sluggish- 
ness of the changes in the solid alloys made thermal 
analysis unsatisfactory for all but the zirconium- 
rich alloys, the method was used very little and 
none of the results obtained by it have been in- 
cluded. Also, as considerable difficulty was encoun- 
tered in obtaining properly etched surfaces, micro- 
scopic examination was of only minor value and no 
micrographs have been incorporated in the report. 

A point to be noted is that this diagram is based 
on data taken with rising temperature. This restric- 
tion is the result of the sluggishness of the trans- 
formation on cooling shown by all alloys containing 
more than 5 pct Cb. Above 8 pct, the time required 
to obtain equilibrium was impractically long. 

The Solidus Temperatures: Determination of the 
solidus points proceeded without difficulty after 
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early trials had indicated the need for a slow rate of 
heating over a temperature interval below the be- 
ginning of melting. Slow heating gave time for the 
specimen—cut from the button-shaped ingot—to be- 
come homogeneous. Nearly identical readings were 
obtained on specimens from the same ingot. The be- 
ginning of melting was signaled by the appearance 
of a dark spot at the bottom of the black-body hole 
as molten metal began seeping into it. Usually, the 
temperature at which the dark spot formed could be 
determined accurately but, in a few instances, some 
doubt existed as to the temperature when the spot 
appeared. 

Corrected individual and average readings of the 
beginning of melting are given in Table II along 
with the composition and hardness of the specimen. 
This hardness is, of course, the hardness of the ingot. 

No effort was made to determine points on the 
liquidus but the narrow range of melting near 20 pct 
Cb was observed. 

Resistivity at Room Temperature: In a prelimi- 
nary survey, the resistivities of the alloys in wire 
form were measured at room temperature with the 
Kelvin bridge mentioned previously. Each wire was 
tested in two conditions. 

For the first measurement, the wire was cooled as 
rapidly as possible from 900°C in the manner de- 
scribed under the section on heat treatment. At 
900°C, all of the alloys except those having colum- 
bium contents between 44 and 77 pct were in the 
single-phase condition. The resistivity of alloys in 
this interval probably was much the same whether 
they were cooled rapidly from 900°C or from a high 
temperature. At least, a 50 pct Cb alloy quenched 
with helium from about 1100°C had the same resist- 
ance within the limit of error of the measurements 


as it did after it had been cooled rapidly from 900°C. 


in the usual manner. The results of these measure- 
ments appear as curve A in Fig. 3. 

The wires were measured again after they had 
been heated to bring the a-zirconium-rich and co- 
lumbium-rich phases into approximate equilibrium. 
That equilibrium may not have been complete was 
indicated by a slight decrease in resistance during 
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Fig. 6—Resistance temperature graph of Zr-8 pct Cb alloy. 
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Fig. 7—Resistance temperature gravh of Zr-17.5 pct Cb alloy. 


TRANSACTIONS AIME 


the last 120 hr of a heat treatment consisting of 160 
hr at 575°C plus 240 hr at 590°C. Had the heat treat- 
ments continued longer, the junction of curves A 
and B in Fig. 3 probably would be slightly lower 
than it is now placed. 

Resistance Temperature Measurements: The gen- 
eral form of the resistance temperature graph for a 
Zr-Cb alloy depends upon its composition. In the 
four subfigures of Fig. 4, idealized characteristic 
graphs for four compositions are shown. Fig. 4a il- 
lustrates the type of curves for zirconium-rich alloys 
that do not undergo transformation at the eutectoid 
horizontal, that is, alloys to the left of G in Fig. 2. 
X and Z in this subfigure indicate the crossing of 
lines DG and DE (Fig. 2), respectively. Fig. 4b cor- 
responds to the interval GE. In this figure, X-Y indi- 
cates the crossing of GE, and Z the crossing of DE. 
The curve obtained at the eutectoidal composition is 
depicted in Fig. 4c. Fig. 4d illustrates the type of 
curve that occurs in the interval EH, X-Y corre- 
sponds to the crossing of EH and Z to that of EFH. 

A series of graphs plotted from simultaneous re- 
sistance and temperature measurements is presented 
in Figs. 5 through 9. The first graph, Fig. 5, shows 
the full range of measurements from room tempera- 
ture to about 950°C. The remaining figures cover 
only the interval from a little below the eutectoid 
horizontal to the highest temperature necessary to 
include the transforming range. 

Fig. 5 shows that the transformation of zirconium, 
even of a good grade, is likely not to be isothermal. 
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Fig. 8—Resistance temperature graph of Zr-30 pct Cb alloy. 
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Fig. 9—Resistance temperature graph of Zr-60 pct Cb alloy. 
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a Fig. 10—Dilatomet- 
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Fig. 11—Dilatomet- 
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Fig. 12—Dilatomet- 
ric curve of Zr-10 
pet Cb alloy. 
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In this instance it extended over a range from about 
850° to about 880°C. This specimen was made from 
stock zirconium that had not been remelted but a 
very similar curve was obtained on remelted metal. 
The unmelted metal had a hardness of about RA 28. 
The temperaure coefficient of resistance of the wire 
was 42.8 per °C at 0°C. 

Not only did the specimens of unalloyed zirconium 
fail to transform isothermally but examination of 
Table III reveals that several of the zirconium-rich 
alloys had unreasonably high values for the crossing 
of DE. This situation may be blamed on contamina- 
tion by oxygen and nitrogen but proof is not avail- 
able from this investigation. Temperatures of the 
crossing of DE were not plotted in Fig. 2 for alloys 
containing less than 5 pct Cb. Furthermore, because 
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Fig. 13—Dilatomet- 
ric curve of Zr-15 
pct Cb alloy. 
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of the rounded maxima of these zirconium-rich al- 
loys, the temperature at which they cross DG can be 
fixed only approximately. 

Figs. 6 through 9 include the graphs of alloys with 
8 to 60 pct Cb. In them, the beginning of transforma- 
tion is evident and, in most instances, occurs near 
610°C. The changes in resistance as the specimen en- 
ters the 6 field are less definite. For example, the 8 
pet Cb alloy (Fig. 6) has a wide flat portion near 
780°C. This interval undoubtedly includes the cross- 
ing of the specimen from-the a + 8 field to the 
B field but leaves doubt as to the temperature that 
should be selected as representing a point on the 
line DE. Fig. 7.shows the resistance temperature 
curve for the 17.5 pct Cb alloy. This alloy is very 
near eutectoid composition but the transformation in 
it is not completed until the specimen has attained 
a temperature of nearly 630°C. When an alloy of in- 
termediate composition passes into the one-phase 
condition, a change of direction takes place in the 
resistance temperature graph. In Figs. 8 and 9, this 
temperature is marked by an arrow. For a given 
alloy in the intermediate range, the temperature of 
entering the 6 field appears to depend to some de- 
gree upon the prior heat treatment and upon the rate 
at which the temperature rises during the period of 
measurement. Hence, the relatively good fit of these 
points on the curve EFH (Fig. 2) and their agree- 
ment with the results of X-ray work must be re- 
garded as fortuitous to some extent. Data on all of 
the alloys are presented in Table III. 
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Dilatometric Results: Representative dilatometric 
graphs obtained on unalloyed zirconium and on five 
alloys appear in Figs. 10 through 15. Curves for 
several of the zirconium-rich alloys, particularly the 
4, 5, and 6 pct Cb alloys, were so rounded at the top 
that no reliable data could be obtained for the cross- 
ing of DG. In general, the temperatures that corre- 
spond to the crossing of DE are lower than the corre- 
sponding figures from electrical resistance measure- 
ments. In Fig. 2, the line DE was placed roughly in 
an average position between the electrical resistance 
and the dilatometric points. Graphs of several inter- 
mediate alloys did not give clear indications of the 
crossing of EFH. Data obtained from the figures and 
from other dilatometric curves are summarized in 
Table IV. 

Data from X-Ray Patterns: Patterns from pow- 
ders (filings) of the alloys have proved to be partic- 
ularly helpful in the determination of the diagram. 
One of the first experiments was intended to con- 
firm the evidence of the solidus curve for complete 
mutual solid solubility of the two components at 
elevated temperatures. Specimens of filings from a 
series of alloys were cooled rapidly from 1100°C in 
the way that was used for the cooling of resistance 
specimens. Although such cooling does not constitute 
quenching in the ordinary sense, it does maintain the 
high temperature condition in alloys that transform 
as sluggishly as these do. The patterns showed that 
the alloys had body-centered-cubic structures and 
that the lattice parameters varied as indicated in 
Fig. 16. No points appear in this graph for colum- 
bium contents below 15 pct, as the zirconium-rich 
alloys undergo some transformation at the rates of 
cooling attained. 

The next step was to take patterns of a single alloy 
at different temperatures. Fig. 17 shows the patterns 


Table III. Transformation Temperatures in Zr-Cb Alloys as 
Determined from Resistance Temperature Data 


Tempera- Tempera- 
ture of ture of 
Start of End of 

Alloy Heat Treat- Transforma- Transforma- 

No. Cb, Pct ment No.* tion, °C tion, °C 

0 6 850 

s 1 2 820 5 
M49 2 2 740 865 
M-942 3 7 700 870 
M-753 33 5 650 840 
M-618 8 5 610 780 
M-607 10 5 610 750 
M-608 12 2 600 720 
M-850 13 2 604 695 
M-852 15 4 610 685 
M-868 17.5 4 609 630 
M-869 20 2 606 655 
M-678 30 1 618 755 
M-648 40 624 860° 
M-743 50 1 (and 3) 6277 9557 
M-647 60 3 612 975 
M-741 70 1 614 970 
M-948 80 1 610 wi 


* Heat treatments given specimens before measurements started 
llows: 
rapidly from 900°C after 20%4 hr; heated for 160 
75°C plus 240 hr at 590°C. 
from 900°C after 20 hr; heated for 155 hr 


Aer 
Be eed rapidly from 900°C after 20 hr; heated for 60 hr 


Boe ea tea rapidly from 900°C after 20 hr; heated for 170 hr 


at oie sled rapidly from 900°C after 20 hr; heated for 120 hr 


at Peareld 8 hr at 900°C, cooled slowly to 595°C, and held for 
at 225° er hr. 
vepialy from 900°C after 10 hr; reheated to 580°C, 
held for 48 hr, cooled at 10°C per hour or slower to 250°C, 
_ then cooled in furnace. 
+ Average from two runs. — 
t On estimate from one pol 
890°C. 


nt near 900°C, break is about 880° to 
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Table IV. Transformation Temperatures as Determined from 
Dilatometric Curves 


Temperature Temperature 


of Start of of End of Hr of 
Alloy Transforma- Transforma- Preliminary 
No Cb, Pct tion, °C tion, °C Heating* 
M-942 3 765 845 _— 
M-614 4 815 
M-606 8 607 
M-607 10 616 725 160 
M-608 12 612 692 15 
M-850 13 609 685 20 
M-851 14 605 664 20 
M-852 15 600 648 160 
M-868 17.5 609 625 144 
M-869 20 609 675 90 
M-867 22.5 609 671 96 
M-648 40 612 oe 120 
M-647 60 + 961 135 
M-741 70 605 — 18 


* Preliminary heating was at 500°C. 

7 Curve rounded too much for estimate of temperature. 

¢ Dilatometer improperly adjusted over this range. 

Note: 5 and 6 pct Cb alloys run in a different type of dilatometer 
gave 795° and 785°C, respectively, for temperature of end of trans- 
formation. 


of the 60 pct Cb alloy as cooled rapidly from 1100°C, 
as cooled rapidly from 900°C after 40 hr at tempera- 
ture, and as cooled rapidly from 550°C after 116 hr 
at temperature. Fig. 17a has a set of lines character- 
istic of a body-centered-cubic metal. Patterns of this 
type furnished the information given in Fig. 16. In 
Fig. 17b, the lines were doubled, indicating that the 
single solid solution has decomposed into two solid 
solutions. Fig. 17c has a set of prominent lines, which 
upon analysis turn out to correspond to a close- 
packed-hexagonal phase with lattice parameters 
that differ only slightly from the parameters of a 
zirconium. It has a less prominent and much less 
numerous set of lines that correspond to a body- 
centered-cubic columbium-rich solid solution. 

The decomposition of the solid solution was in- 
vestigated next. Fig. 18 shows patterns of the 40, 60, 
and 75 pct Cb alloys cooled rapidly from 800°C after 
48 to 87 hr at temperature. In the 40 pct alloy, Fig. 
18a, the lines corresponding to the larger parameter 
—shorter distance from the (left) reference circle— 
are relatively strong. In Fig. 18b, the intensities of 
the two sets are roughly equal and in Fig. 18c the 
lines corresponding to the smaller parameter are 
relatively intense. Nearly identical values of lattice 
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Fig. 16—Variation of lattice parameter with composition in 
alloys cooled rapidly from 1100°C. 
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parameter are given by the inner set of lines in all 
three patterns and a similar situation exists with 
respect to the outer lines. Detailed values are pre- 
sented in Table V. From the information in this table 
and the graph in Fig. 16, the compositions of the two 
body-centered-cubic phases may be calculated, dis- 
regarding variations in lattice due to temperature. 
Thus, from Fig. 16, it is seen that, at 800°C, the 
phase with the larger parameter contains 34.9 pct 
Cb and the other contains 82.5 pct. These points ap- 
pear in the constitutional diagram of Fig. 2 as 
squares. Some precipitation of a phase from the £;, 
phase during rapid cooling probably is responsible 
for the point for 700°C being at the right of the 
curve (Fig. 2). 

The Solvus Lines: The solvus lines GI and HJ are 
shown dotted because the information for placing 
them accurately is not available. Columbium-rich 
alloys are so sluggish that equilibrium is difficult to 
establish. Zirconium-rich alloys do show age hard- 
ening effects but, up to the present time, neither ob- 
servations on age hardening nor measurements of 
lattice parameter have given data that permit ac- 
curate placement of the line GI. 


Table VY. Lattice Parameters of Zr-Cb Alloys Cooled Rapidly 
| from 700°, 800°, and 900°C 


Lattice Parameter in A after Cooling from 


| 


; Cb 700°C 800°C 900°C 
Alloy Content, 

No. Pet Bar Boo Bur Bop Bar Bop 
M-880 30 3.506* 3.330 3.492* 3.3587 3.495t 
M-648 40 3.510* 3.332 3.490 3.342 3.464¢ 
M-743 50 — 3.469 3.349 
M-647 60 3.508 3.329 3.484 3.340 3.454 3.355 
M-949 75 —§ 3.334 3.484 3.340 —§ 3.348 


Average para- 
meter, A 3.506 3.331 3.487 3.341 3.461 Bysipe 
Columbium con- 
tent of phase, 
pet 28.0 85.5 34.0 


fee) 
to 
oa 


42.5 79.0 


* Weak a zirconium lines present also. 

+ Value disregarded in average. 

t Pattern showed only one set of lines; i.e., alloy was single 
phase. 

§ Only one line and that in front-reflection region. 
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Fig. 17—Change in X-ray pattern of a 60 
pct Cb alloy cooled from different tem- 
peratures. 

a—Cooled from 1100°C. 


b—Cooled from 900°C. 


c—Cooled from 550°C. 


Fig. 18—Change in intensity of X-ray dif- 
fraction lines with composition of alloys 
cooled from 800°C. 
a—40 pct Cb alloy. 


b—60 pct Cb alloy. 


c—75 pct Cb alloy. 


Summary 

The part of the constitutional diagram of the Zr- 
Cb alloy system that lies above 610°C has been es- 
tablished with reasonable accuracy. It is relatively 
simple in form but time-consuming to investigate 
because of the sluggishness of the alloys. The posi- 
tions of the solvus lines descending from the ends of 
the eutectoid horizontal have not been established. 
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Technical Note 


Lineage Structure in Aluminum Single Crystals 
by A. Kelly and C. T. Wei 


U SING a recently developed X-ray method, re- 
ported by Schulz,’ it is possible to make a rapid 
survey of the perfection of a single crystal at a par- 
ticular surface. This technique has the advantage of 
allowing a large surface of a specimen to be ex- 
amined by taking a single photograph and it com- 
pares well with other X-ray methods in regard to 
sensitivity of detection of small angle boundaries. 

During the course of a survey of the perfection of 
large crystals of aluminum produced by a number of 
methods, an examination has been made of a number 
of single crystals produced from the melt using a 
soft mold (levigated alumina).’ 

Crystals grown by this method are known, from 
an X-ray study carried out by Noggle and Koehler,® 
to contain regions where they are highly perfect. In 
the present work, it has been possible to obtain 
photographs showing directly the distribution of low 
angle boundaries at a particular surface of these 
crystals. 

Single crystals were grown from the melt using 
the modified Bridgman method with a speed of fur- 
nace travel of ~1 mm per min. These were about 
1/10 in. thick, 1 in. wide, and several inches long. 
The metal was 99.99 pct pure aluminum supplied 
by the Aluminum Co. of America. The crystals 
were examined by placing them at an angle of about 
25° to the X-ray beam issuing from a fine focus 
X-ray tube of the type described by Ehrenberg and 
Spear* and constructed by A. Kelly at the Univer- 
sity of Illinois. A photographic film was placed 
so as to record the X-ray reflection from the lattice 
planes most nearly parallel to the crystal surface. 
The size of the focal spot on the X-ray tube was be- 
tween 25 and 40 yp, and the distance from the X-ray 
tube focus to the specimen (approximately equal to 
the specimen to film distance) was ~15 cm. White 
X-radiation was used from a tungsten target with 
not more than 35 kv in order to reduce the penetra- 
tion of the X-rays into the specimen. Exposure times 
were approximately 1 hr with tube currents between 
150 and 250 microamp. 

The type of photograph obtained from these crys- 
tals is illustrated in Fig. 1, which shows a number of 
overlapping reflections from the same crystal. The 
large uniform central reflection is traversed by sets 
of horizontal white and dark lines. These two sets 
run mainly parallel to one another. Lines of one 
color are wavy in nature and often branch and run 
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together. Large areas of the crystal surface show no 
evidence of these lines whatsoever. The lines are 
interpreted as being due to low angle boundaries in 
the crystal, separating regions which are tilted with 
respect to one another. A white line is formed when 
the relative tilt forms a ridge at the interface and a 
black line is found when a valley is formed. In a 
number of cases, the lines stop and start within the 
area of the reflection and often run into the reflec- 
tion from the edge, corresponding to a low angle 
boundary starting from the edge of the crystal. 

The prominent lines run roughly parallel to the 
direction of growth of the crystal although narrow 
bands can run in a direction perpendicular to this; 
see Fig. 2. Although they may change their ap- 
pearance slightly, the lines tend to occur in the 
same place in the X-ray image and to maintain their 


- rough parallelism when the crystals are reduced in 


thickness by etching. Thus the low angle boundaries 
can occur at any depth within the crystal. The ap- 
pearance of the lines is unaffected by subjecting the 
crystal to rapid temperature changes, such as 
plunging into liquid nitrogen or rapid quenching 
from 620°C. 

From the width of the lines on the X-ray reflec- 
tion, values can be found for the angular misorienta- 
tion of the two parts of the crystal on either side of a 
boundary. The values found run from 1’ to 10’ of 
arc, but values of up to 20’ have sometimes been 
found, e.g., the widest lines on Fig. 2. These mis- 
orientations are much less than those commonly 
found in crystals possessing a lineage structure. 
When a number of black and white lines occur, run- 
ning in a roughly parallel direction across the image 
of a crystal, the total misorientation corresponding 
to lines of one color is approximately equal to that 
corresponding to lines of the other color. 

The interpretation of the lines as due to low angle 
boundaries has been checked in a number of ways. 
Photographs taken with different specimen-to-film 
distances distinguish lines due to low angle bound- 
aries from effects due to surface relief of the speci- 
men. Normal Laue back-reflection photographs, 
taken with the beam irradiating an area of the sur- 
face showing a number of the lines, show white lines 
running through each Laue spot. Black lines are 
difficult to see by this method. X-ray photographs 
were also taken, using the set-up described by Lam- 
bot et al.” When the beam straddles regions giving 
rise to lines in the Schulz pattern, split reflections 
are observed within the Bragg spot. The misorienta- 
tions calculated from the separation of these reflec- 
tions and that found from the widths of the lines on 
the Schulz technique patterns show good agreement. 
An exposure was made with Lambot technique of an 
area of the crystal showing no evidence of low angle 
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Fig. 1—X-ray image was obtained from the surface of a single 
crystal of high purity aluminum grown from the melt. The di- 
rection of growth is horizontal. Very strong black lines in the 
two reflections in corners are due to characteristic X-radiation. 


boundaries. The breadth of the X-ray reflection in- 
dicated a maximum possible total misorientation of 
~30” of are. This is the same as the width of re- 
flection obtained from parts of the crystal between 
the low angle boundaries and is of the same order 
as the sensitivity of both X-ray techniques. 

The examination of a single X-ray reflection can 
only give information concerning misorientations 
about an axis parallel to the reflecting lattice planes. 
The boundaries detected can be of two types: tilt or 
twist. In the former case, displacements of the 
X-ray image in a direction perpendicular to the 
trace of the boundary on the crystal surface will be 
found and in the latter case the displacements will 
occur along the trace of the boundary. The bound- 
aries observed are predominantly tilt boundaries. 
Fig. 3 illustrates a case where the absence of an ap- 
preciable twist component in the boundaries is de- 
duced from the absence of lateral displacements 
occurring in the dark vertical lines due to the re- 
flection of characteristic radiation. Twist boundaries 
do occur, however, and some can be seen in Fig. 2, 
which was obtained from part of a crystal showing a 
large network of boundaries throughout its volume. 
The boundary marked with an arrow is predomi- 
nantly a twist boundary. 

Some previous work has indicated that crystals of 
aluminum grown from the melt are less perfect than 


Fig. 2—X-ray image of part of the surface of a crystal shows 
many boundaries. Growth direction is horizontal. The bound- 
ary marked by an arrow is predominantly a twist boundary. 
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Fig. 3—X-ray image of part of the sur- 
face of a crystal shows where the trace 
of the low angle boundaries crosses a re- 
gion reflecting characteristic X-radiation. 


those produced by strain-anneal methods.* The 
X-ray examinations carried out here suggest that 
the sole difference in perfection between crystals 
grown from the melt and those produced in the 
solid state is the presence in the former of observ- 
able low angle boundaries, showing disorientations 
of 1’ to 20’ of arc. Regions between the low angle 
boundaries show a perfection comparable to that 
shown by crystals produced by recrystallization. It 
is thought that the perfection of these melt-grown 
crystals may be due to the particular conditions of 
heat flow, resulting from the very low thermal con- 
ductivity of the mold rather than to its softness.’ 
One crystal was grown in a hard mold of Monmouth 
stoneware clay which is a poor conductor of heat. 
This crystal was examined with both the Schulz 
and Lambot techniques and showed the same low 
angle boundary structure and perfection in regions 
between the low angle boundaries as was found in 
the other crystals. It would seem then that the im- 
portant factor is the thermal conductiviy of the 
mold and that the mechanical properties are of less 
importance. 

The interpretation of the majority of the low angle 
boundaries as being composed mainly of edge dis- 
locations of one sign seems a straightforward one 
and these results indicate an approximately equal 
number of edge dislocations of either sign in the 
whole crystal. The dislocation lines run approxi- 
mately parallel to the direction of growth. These 
facts are in qualitative accord with the views of 
Chalmers* on the mechanism of growth from the 
melt. However, the aluminum crystals examined 
here are quite perfect over large areas (see Fig. 1), 
and one crystal showed only one prominent bound- 
ary throughout the entire volume. It may be then 
that the formation of low angle boundaries is not a 
necessary consequence of growth from the melt. 
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Microcalorimetric Investigation of Recrystallization of Copper 


by Paul Gordon 


An isothermal jacket microcalorimeter, supplemented by metallographic, microhardness, and X-ray 
measurements has been used to study the isothermal annealing of high purity copper after room tem- 
perature tensile deformation. The amount of stored energy released during annealing has been meas- 
ured as a function of deformation in the range 10.8 to 39.5 pct elongation. The data have shown the 
major heat effect to be associated with recrystallization and have allowed an analysis of the recrystal- 
lization kinetics and the calculation of activation energies of recrystallization. 


W HEN a metal is deformed plastically, some of 
the energy expended is dissipated as heat 
during the working process, while the remainder is 
stored within the metal in the form of lattice dis- 
tortions and imperfections. During subsequent heat- 
ing of the metal, the distortions and imperfections 
can be largely annealed out and the associated stored 
energy released as heat. It is apparent that measure- 
ments of the evolution of stored energy during such 
annealing may produce important information con- 
cerning the nature of the annealing mechanisms and 
the imperfections involved. Some excellent studies of 
this type have been made in the past, notably those 
of Taylor and Quinney,’ Suzuki,’ Bever and Ticknor,’ 
Borelius, Berglund, and Sjoberg,* and Clarebrough 
et al.” ° None of this work, however, employed iso- 
thermal techniques, with the exception of the Bore- 
lius studies* in which only the early annealing stages 
were investigated. Since isothermal measurements, 
as compared with heating or cooling curve, have the 
merits that 1—they reveal the kinetics of a process 
more clearly, 2—the results obtained are more easily 
applied to theory, and 3—most fundamental inves- 
tigations of annealing using techniques other than 
calorimetry have been carried out isothermally, it 
was considered important to apply calorimetry to 
the study of the isothermal annealing of metals. 
Accordingly, an isothermal jacket calorimeter of the 
Borelius type,’ supplemented by metallographic, 
hardness, and X-ray measurements, has been used 
to study the annealing of high purity copper after 
room temperature tensile deformation. 


Experimental 


The microcalorimeter has been described fully 
elsewhere.* Briefly, the specimen to be studied is 
placed in a constant temperature environment of 
virtually infinite heat capacity achieved, as shown 
in the drawing of Fig. 1, by means of a vapor ther- 
mostat. A high thermal resistance is provided be- 
tween the sample and the environment and a sensi- 
tive differential thermopile (see Figs. 2 and 3) 
arranged with half its junctions in contact with, and 
thus at the constant temperature of, the environ- 
ment, and the other half in contact with the sample. 
A reaction in the sample develops a small difference 
in temperature, AT, across the thermopile, which is 
followed by a recorder-galvanometer set-up as a 
function of time, t, and is converted to reaction heat 
per unit time, P, by the use of the equation 


dAT 


1 
[1] 


P= +b 


The constants, a and b, in Eq. 1 are determined by 
a simple calibration, making use of the Peltier heat 
developed by a small current run through the junc- 
tion of a thermocouple located in an axial hole in 
the specimen (Fig. 2). In its present form, the 
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limit of sensitivity of the calorimeter is a heat flow 
of 0.003 cal per hr. 

The copper used was the spectroscopically pure 
metal supplied by the American Smelting and Re- 
fining Co. in the form of % in. diam continuously 
cast rod, reported to be 99.999+ pct Cu. A small 
amount of the copper was available at the start of 
this work and is referred to hereafter as lot A. A 
second batch, lot B, was obtained later, most of the 
results described subsequently being for this lot. 
As will be seen, there is some indication that lot A 
was somewhat purer than lot B, but it is not known 
whether this difference was present in the as- 
received metal or arose during subsequent handling. 

The two lots of copper were remelted and cast 
into two 1% in. diam ingots in vacuo, using high 
purity graphite crucibles and molds. The ingots 
were upset several times to break up the large cast 
grains, and then rolled and swaged to rods 0.391 in. 
in diameter, using several intermediate anneals with 
about 40 pet reduction in area between anneals. The 
penultimate anneal was 2 hr at 350°C. X-ray ex- 
amination showed no marked general preferred 
orientation in the resulting rods. The grain struc- 
ture typical of the two rods is shown in the micro- 
graph of Fig. 4.* It was found to be virtually im- 


* The contrasting grain shades in this micrograph (and those of 
Fig. 18) were obtained by depositing a sulphide film on the surface 
of carefully electropolished samples. This was done by a technique 
described by Lacombe and Mouflard® in which specimens are dipped 
in a dilute aqueous solution of ammonium sulphide. The thickness 
—and thus the color—of the resulting sulphide film is dependent on 
the orientation of the underlying metal. 


possible to get an unambiguous measure of the 
absolute grain size in the two annealed rods because 
of the profusion of annealing twins and the lack 
of regularity of the grain boundaries. However, 
counts of the number of boundaries intersected per 
unit length along a random line on a polished sec- 
tion, making a correction for the proportion of 
boundaries (about half) estimated to be twin 
boundaries, gave a figure of about 0.015 mm for the 
average grain diameter. The grain size of the rod 
from lot A was about 5 pct smaller than that from 
lot B. 

The rods were cut into 1 ft long bars and these 
deformed in tension at room temperature to various 
total elongations in the range 10.8 to 39.5 pet. A 
strain rate of 1 pet per min was used. The deformed 
bars were then stored in a dry ice chest until such 
time as samples were to be cut from them. Five 
bars deformed as indicated in Table I were used for 
the subsequent tests. In all cases, all the calorimeter 
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runs and the metallographic, hardness, and X-ray 
observations for a given deformation were made 
from the same deformed bar. Though there was 
some inhomogeneity of deformation along a given 
bar as indicated by measurements of the bar 
diameter at various points, this inhomogeneity did 
not exceed about 1 pct elongation for any of the 
samples used. The deformational work done on the 
samples was calculated from the areas under the 
load-extension curves. These curves are shown in 
Fig. 5 (original cross-sectional area of bars = 0.120 
sq in.). It may be seen that the stress-strain curves 
for the four bars from lot B were virtually indis- 
tinguishable from one another, while that for the 
bar from lot A deviated very slightly from the 
others. 

The samples for the calorimeter runs were in the 
form of bullet-shaped pieces from 1 to 1% in. long 
and % to % in. diam (about 1/5 to 1/3 gram-atom 
of copper per sample). These samples were care- 
fully cut and machined from the deformed bars and 
axial holes drilled into them to receive the support- 
ing thermocouple shown in Fig. 2. The disturbed 
metal resulting from the cutting and machining was 
removed by etching off 0.010 in. per surface in nitric 
acid. All these operations were carried out at room 
temperature with great care being taken to avoid 
heating the samples. Generally, the total time the 
samples were at room temperature between the 
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Fig. 3—Three-view photograph of thermopile. A is exploded 
view; B, axial view through middle section in A; and C, as- 
sembled thermopile. 


tensile deformation and their insertion into the cal- 
orimeter was about 3 hr. 

The calorimeter runs were carried out in the fol- 
lowing manner: With the calorimeter at the desired 
annealing temperature, the sample was thoroughly 
cleaned, vacuum-dried, and then preheated to the 
calorimeter temperature (in about 2 min) by drop- 
ping it into a close-fitting hole in an aluminum 
block heated by a small resistance furnace. From 
here it was quickly transferred to the support 
couple, raised by a rack and pinion lift into position 
within the copper quenching block shown just below 
the thermopile in Fig. 1, held there a few seconds, 
and raised into place within the thermopile. The 
helium within the specimen chamber up to this 
point (to take advantage of its good thermal con- 
ductivity) was replaced with argon and the result- 
ing thermal disturbances allowed to die down. Sig- 
nificant readings of the evolution of heat from the 
sample could generally first be obtained about 10 
min after the introduction of the specimen into the 
preheating furnace. The reaction in the sample was 
followed to completion and calibration of the run 
by means of the Peltier heat technique, referred to 
previously, carried out before removal of the 
sample. 


Results and Discussion 


Heat Evolution Curves: The first calorimetric an- 
nealing experiments were carried out on samples 
from bar 4, lot A, strained to 17.7 pct elongation in 
tension. The evolution of heat during annealing at 
160.3°, 181.3°, and 200.9°C is revealed in the curves 
reproduced in Fig. 6, in which the rate of evolution, 
P, in calories per gram-atom per hour is plotted as 
a function of annealing time. All three curves show 


Fig. 4—An- 
nealed grain 
structure typi- 
cal of lot A 
and B rods just > 
prior to ten- | 
sile deforma- 
tion. Ammoni- 
um sulphide 
etch.° X150. 
Area reduced 
approximately 
20 pct for re- 
production. 


TRANSACTIONS AIME 


\ 
KAW 
1, 
\) 
6 


that the stored energy is released in two overlapping 
stages. The first stage accounts for only a very minor 
portion of the total energy release (calculated from 
the area under the curves) and is characterized by 
a rate which is high at first and decreases rapidly 
with time. The rate of heat evolution during the 
second stage, on the other hand, starts low and goes 
through a maximum before decreasing to zero. The 
second-stage kinetics are typical of a nucleation and 
growth process and, as will be shown, this stage 
corresponds with recrystallization.* The first stage 


*In this paper, the term ‘‘recrystallization’ will be taken to 
mean a process, visible under the microscope, in which a new set 
of grains replaces an old set by means of the motion of high angle 
grain boundaries. Any annealing phenomena prior to this process 
will be termed recovery. 


is presumably associated with some prerecrystalliza- 
tion recovery phenomenon. Since the two stages 
overlap, it is impossible to give a clear-cut represen- 
tation of the course of the separate heat effects in the 
intermediate region. In Fig. 6 (and subsequently in 
Figs. 7 through 10) the dashed extensions toward 
short times of the recrystallization stage heat evolu- 
tions were drawn by assuming that, in the early 
phases of a nucleation and growth phenomenon, the 
rate of transformation is proportional to some power 
of the time. The positive slope sections of the second- 
stage curves were then extrapolated back according 
to this assumption, giving rise to the plotted dashed 
lines. 


Table |. Deformation of Bars Used for Tests 


Pct Deformational 
Elongation, True Strain Work Done, W, 


Lot Bar No. 100e e = In(1+e) Cal per Gram-Atom 
A 4 17.7 0.163 41.4 
B 10 10.8 0.102 20.0 
B 8 17-5 0.162 39.1 
B 7 30.0 0.262 82.2 
B 9 39.5 0.334 115.5 


Similar studies were made on lot B after tensile 
deformations of 10.8, 17.5, 30.0, and 39.5 pct elonga- 
tion. The curves of heat evolution vs time for these 
annealing runs are presented in Figs. 7 through 10. 
In Table II are listed energies in cal per gram-atom 
evolved during recovery, E>, during recrystallization, 
E,, and the totals, Ey = E, + E>, for each deforma- 
tion and annealing temperature. The same general 
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Fig. 5—Load-extension curves of test bars. 
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features are evident for all deformations and all 
temperatures within the range investigated. Only 
the quantitative aspects of the phenomena change 
from curve to curve. For a given deformation, the 
two stages occur earlier and have higher maximum 
rates the higher the annealing temperature, but the 
energies released remain constant. As the deforma- 
tion is increased, the rates are greater and the times 
shorter for a given annealing temperature; in addi- 
tion, the total energy evolved also increases. 

In order to calculate the total energies evolved, 
some estimate of the manner in which the recovery 
stage curves should be extrapolated back to zero 
time had to be made. This was done in a rough way by 
subtracting from the recovery stage curves the re- 
crystallization heats indicated by the dashed lines in 
Figs. 6 through 10 and then attempting to fit the re- 
sulting curves to some mathematical law of be- 
havior. Because of the early onset of recrystalliza- 
tion at the higher temperatures and the low rates of 
heat evolution during recovery at the lower temper- 
atures, no really satisfactory fit could be found. 
However, the data could be made to comply roughly 
with equations either of the type P ~ e”™ or P ~ 
(t + t.)”", where m, n, and t, are constants, but was 
not good enough to determine which of the two equa- 
tions was generally characteristic of the recovery 
process. Since the recovery energies given by the use 
of these equations were quite small in all cases—of 
the order of 0.2 cal per gram-atom as compared 
with from 2 to 6 cal for recrystallization—the differ- 
ence between the energies obtained from either of the 
equations for a given run could be neglected. The 
values of E> given in Table II were obtained by an 
extrapolation using whichever of the two equations 
seemed to best fit the data of the run in question. 
Although it is conceivable that the rates of heat 
evolution rise more steeply toward zero time than 
either of the previous two equations predict, the 
values of P near zero time would have to be of the 
order of a hundred times the highest observed rates 
to approximately double the recovery energies. Such 
high rates seem improbable. Thus, it is felt that the 
recovery energies given in Table II are correct, at 
least as to order of magnitude, and support the con- 
clusion that for the copper used the stored energy 
evolved was largely associated with recrystallization. 

The stored energy released during the recrystal- 
lization stage is plotted as a function of W, the work 
done in deformation, in Fig. 11. The ratio of E, to W 
is shown also in the same figure. Points representing 
the values determined on both lots A and B are in- 
cluded in the figure, but since it was suspected that 
the purity of lot A was slightly different from that of 
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Table II. Energies Evolyed During Annealing after Various Amounts of Deformation 


Deforma- 
tional Work, Annealing Ep, Er, Er = Ep + Er, 
Pct W, Cal per Temperature, Cal per Cal per Cal per Er/W, Er/W, 
Lot Elongation Gram-Atom °C Gram-Atom Gram-Atom Gram-Atom Pct Pet 
A 4 41.4 160.3 0.31 3.93 4.24 9.49 10.22 
i 181.3 0.15 3.51 3.66 8.47 8.84 
200.9 0.13 3.72 3.85 8.98 9.30 
Average 0.20 3.72 3.92 9.46 8.98 
B 10.8 20.0 199.7 0.18 2.22 2.41 11.10 12.05 
210.2 0.36 2.28 2.64 11.40 13.20 
219.8 0.26 2.25 2.51 11.24 12.55 
Average 0.27 2.52 1125 12.60 
B 17.5 39.1 189.7 0.23 3.44 3.67 8.79 9.38 
199.7 0.20 3.60 3.80 9.20 9.71 
210.1 0.14 3.24 3.38 8.28 8.64 
Average 0.19 3.43 3.62 8.76 9.24 
B 30.0 82.2 169.7 0.32 4.44 4.76 5.40 5.79 
180.5 0.28 5.06 5.34 6.15 6.50 
180.5 0.17 4.76 4.93 5.79 6.00 
189.7 0.22 4.73 4.95 5.76 6.02 
Average 0.25 4.75 5.00 5.78 6.08 
B 39.5 115.5 169.7 0.18 5.83 6.01 5.05 5.20 
180.5 0.20 6.21 6.41 Diaid 5.54 
Average 0.19 6.02 6.21 521 5.37 


lot B, the curves are drawn only through the points 
for lot B. This procedure was adopted also for the 
data shown later in Figs. 12 and 17. 

As indicated in Fig. 11 and Table II, the stored 
energy evolution associated with recrystallization 
increases with deformation from 2.25 cal per gram- 
atom when the total deformation work done is 20.0 
to 6.02 cal per gram-atom when the total work is 
115.5 cal per gram-atom. It is estimated that the 
evolved energies are known to better than +5 pct. 
Within this accuracy, there was no apparent trend 
in the amount of stored energy released as a function 
of annealing temperature (within the lmited tem- 
perature range studied) for a given deformation. 
The ratio of Er, to W, however, decreases with in- 
creasing deformation from about 0.12 to about 0.05 
over the same deformation range. These facts are 
consistent with the finding that copper saturates 
with respect to stored energy at high deformations.’ 
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The shapes of the curves in Fig. 11 suggest that the 
region below W = 20 cal should be an interesting 
one to study, for the question arises as to whether 
when W decreases, Erz/W continues to rise, goes 
through a maximum, or vanishes abruptly at some 
finite value in accordance with the concept of a 
“critical deformation” below which recrystallization 
does not take place. If the recrystallization energies 
here determined are plotted, as in Fig. 12, against 
the flow stress attained during deformation, it is 
seen that a straight line can be drawn through the 
points. Whether the straight line is justified is at 
present still problematical, but at any rate it extra- 
polates to zero recrystallization stored energy at a 
flow stress equivalent to an elongation of about 4 pct. 
This could be interpreted as a critical deformation 
below which recrystallization will not take place. 
A study of this deformation range is planned for the 
near future. Some preliminary observations indicate 
that at an elongation of about 8% pct, recrystalliza- 
tion is much slower than would be expected from the 
heat evolution curves reported here and that at 
about 5% pct elongation, no recrystallization takes 
place at even quite high temperatures. 

Isothermal Kinetics: The data of the recrystalliza- 
tion stage portions of the curves in Figs. 6 through 
10 have been replotted in Figs. 13 and 14 as the per- 
centage of the recrystallization heat released vs time. 
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Fig. 9—Heat evolution curves for lot B, 30.0 pct elongation. 
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Fig. 10—Heat evolution curves for lot B, 39.5 pct elongation. 


Such a procedure leads to the familiar sigmoidal iso- 
therms generally found to be associated with recrys- 
tallization. The two curves shown for 30.0 pct elonga- 
tion at 180.5°C give some idea of the reproducibility 
of the measurements. That the second-stage heat 
evolution actually does correspond virtually exactly 
with the appearance of the new microstructure 
during annealing was proved by making quantita- 
tive measurements of the percentage of recrystal- 
lization on annealed samples taken from the same 
deformed bars from which the calorimeter speci- 
mens were obtained. The annealing of these samples 
was carried out for appropriate periods in oil baths, 
the temperatures of which were controlled to within 
+14°C of the corresponding temperatures used in 
the calorimeter. The percentage of recrystallization 
in the annealed samples was determined by point 
counting on electropolished sections employing 200 
to 400 Vickers microhardness impressions per sam- 
ple to distinguish between the recrystallized and 
unrecrystallized regions. This type of point counting 
was resorted to because observation under the micro- 
scope could differentiate recrystallized from un- 
recrystallized material only semiquantitatively due 
to the irregularity of the grain shapes, the complica- 
tion introduced by numerous annealing twins, and 
the lack of any large visual difference between the 
recrystallized and deformed grain sizes. The micro- 
hardness measurements, on the other hand, were 
clearly separated into two groups of hardness, each 
group showing a scatter approximating a normal 
frequency distribution. Measurements on as-de- 
formed samples gave hardnesses only within the 
higher hardness group, and, conversely, measure- 
ments on samples heated sufficiently long to give 
assurance of complete recrystallization showed only 
the softer group of readings. A further check of the 
validity of the microhardness point counting was 
made by spotting many impressions on regions in 
partially recrystallized samples which were clearly 
recognizable visually as either recrystallized or un- 
recrystallized. In every case the hardness fell with- 
in the appropriate hardness group. In addition, a 
check was made to see that recovery without recrys- 
tallization did not reduce the hardness. This was 
done by making microhardness readings on a sample 
which had been annealed for a length of time just 
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short of that necessary to initiate recrystallization. 
The measurements on this sample showed no signifi- 
cant difference from those on the corresponding as- 
deformed specimen. 

Microhardness point-counting measurements were 
made on three sets of annealed samples correspond- 
ing respectively to the heat evolution runs for the 
lot A, 17.7 pet elongation, 181.3°C sample and the 
lot B, 10.8 pct elongation, 210.2°C and 39.5 pct elon- 
gation, 169.7°C samples. The hardness distribution- 
relative frequency relationships (normalized) for 
samples of the 10.8 pct, 210.2°C series, are shown 
in bar-graph form in Fig. 15. Included in this series 
are the hardness measurements for a completely 
recrystallized sample cut directly from the actual 
calorimeter specimen, for an as-deformed sample, 
and for a sample given a 1 hr anneal at 190°C in 
order to produce considerable recovery with no re- 
crystallization. 

The results of the microhardness percentage of 
recrystallization measurements are represented in 
Figs. 13 and 14 by the open circle points superim- 
posed on the appropriate heat evolution curves. It is 
considered that these results establish beyond rea- 
sonable doubt that for all the heat curves presented, 
the second-stage heat effect is clearly associated with 
recrystallization. The displacement of any set of per- 
centage of recrystallization points from its corre- 
sponding heat curve is small enough to be largely 
accounted for by a deformation error of less than 
1 pet of elongation. This magnitude of deformation 
difference could have prevailed between samples 
from the same bar, as indicated previously. 

It is found quite generally that recrystallization 
can be described as a nucleation and growth process 
in which the temperature dependence of the rate of 
nucleation and the rate of growth for a given de- 
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formation can be represented by Arrhenius-type 
equations. The rate of growth is usually found to be 
independent of time at a constant temperature and, 
as both Johnson and Mehl® and Avrami” have 
shown, if the further simplifying assumption is made 
that the rate of nucleation does not vary with time, 
the fraction recrystallized isothermally as as func- 
tion of time can be represented by the equation 


x; = 1— exp (—Bt"*) [2] 


where B and k are constants, and x, is the fraction 
recrystallized at time t. 

Eq. 2 indicates that if log 1/1—x is plotted against 
annealing time on log-log paper, a straight line 
should result with a slope equal to k. Plots of this 
kind, derived from the heat-evolution curves, are 
shown in Fig. 16. Each of these plots was selected as 
typical of the deformation represented. It is clear 
that Eq. 2 gives a good description of the early re- 
crystallization stages, but that it fails in the later 
stages. The deviations from Eq. 2 seem to come at an 
earlier stage the higher the deformation, as may be 
seen by comparing the four curves for lot B in Fig. 
15. Whereas at 10.8 pct elongation a straight line 
results up to about 65 pct recrystallization and up 
to 55 at 17.5 pct elongation, at 30.0 pct elongation 
the straight line extends only to approximately 45 
pet recrystallization and at 39.5 pct elongation there 
is a slight curvature throughout the length of the 
plot. 

The average values of the constant k in Eq. 2 are 
listed in Table III for the several deformations 
used. These values are estimated to be significant to 
about +10 pct. According to the Johnson and Mehl” 
interpretation, k should be 4, and according to 
Avrami” from 3 to 4. The experimental values may 
be seen to fall within this range. 

Cook and Richards” have proposed an alternate 
description of recrystallization kinetics as a first- 
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order rate process taking place entirely within re- 
gions which have already recovered. The prerequi- 
site recovery is also considered a first-order rate 
process, and an equation similar in form to Eq. 2 is 
derived for the fraction recrystallized vs annealing 
time—without reference to a nucleation and growth 
concept. The exponent, k, in the Cook and Richards 
equation, however, is 2 and thus their treatment does 
not fit the present experimental data. 

Activation Energies: The temperature dependence 
of the rate of recrystallization for a given deforma- 
tion can be derived from Eq. 2 and the Arrhenius 
equations giving the temperature dependence of the 
rates of nucleation and growth. The desired equation 


1S 


where t, is the time to attain the fraction recrystal- 
lized, x, at the absolute temperature, T, A is the so- 
called ‘‘action” constant, and Q, is a quantity similar 
to an activation energy. Using the data from the 
curves in Figs. 13 and 14, values of Q, at 30, 40, 50, 
and 60 pct recrystallization for the several deforma- 
tions were calculated and are listed in Table IV. 
Since no consistent trend in Q, as a function of per- 
centage of recrystallization was found, the values 
for each deformation were averaged and are listed 
in the last column of Table IV. A consideration of 
the experimental errors involved in arriving at these 
average Q,’s leads to the conclusion that the values 
for lot B at 17.5, 30.0, and 39.5 pct elongation may be 
considered to be identical, having a grand average of 
30.4+1.5 keal per gram-atom. Thus, the activation 
energy for recrystallization appears to be independ- 
ent of deformation in the range 17.5 to 39.5 pct elon- 
gation, whereas over the same range the release of 
stored energy during recrystallization—which may 
be looked upon as the driving force—increases by a 
factor of almost 2 from 3.43 to 6.02 cal per gram- 
atom. Q@, at a deformation of 10.8 pct elongation, 
however, seems to be significantly greater than for 
the higher deformations. It would appear, therefore, 
that the findings of Anderson and Mehl® for alumi- 
num, namely, that the activation energies for growth 
and, particularly, for nucleation increase rapidly at 
low deformations, might have a counterpart in cop- 
per at deformations of 10.8 pct elongation and below. 


I 
te 


= A exp 


Table Ill. k Values in the Equation x; = 1 — exp (—Bt*) 


Lot Pct Elongation k 
A 17.7 3.9 
B 10.8 3.1 
B 17.5 3.5 
B 30.0 3.8 
B 39.5 3.7 


The relatively low average value of @, found for 
the lot A copper—26.5 kcal per gram-atom—may be 
explained on the basis either of a difference in purity 
between the two lots or a difference in their grain 
size before deformation. Since the best estimate of 
these grain sizes indicated a difference of only 5 pct, 
it is more probable that lower impurity content 
accounts for the lower activation energy. Such a 
conclusion is consistent with the results of Decker 
and Harker“ in which the activation energy for 
recrystallization in spectroscopically pure copper 
was shown to be lower than that in OFHC copper. 

In view of the fact that growth of a new structure 
in recrystallization involves the motion of high 
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angle grain boundaries, it seems possible that the 
atomic mechanism basic to recrystallization may be 
the same as that in grain boundary self-diffusion. 
Thus, a comparison of the activation energies of re- 
crystallization and of grain boundary self-diffusion 
is of interest. Although the activation energy for 
grain boundary self-diffusion in copper has not been 
measured, the values for lattice self-diffusion in 
copper and for lattice and grain boundary self- 
diffusion in silver have been determined. These 
values are given in Table V. It is not unreasonable to 
expect from the general similarities of copper and 
silver that the ratio of the lattice to the grain 
boundary self-diffusion activation energies for cop- 
per will be about the same as that for silver. This 
would place the grain boundary self-diffusion acti- 
vation energy of copper at approximately 21 kcal 
per gram-atom, a figure which is appreciably lower 
than the lot B recrystallization values listed in Table 
IV, but is reasonably close to the value of 26.5 kcal 
per gram-atom found for the lot A copper. 
Recovery vs Recrystallization Stored Energy: The 
stored energy evolved during the first, or recovery, 
stage of the annealing process (see Table II and 
Figs. 6 through 10) was found to be quite small in 
all cases—about 0.2+0.05 cal per gram-atom. This 
means that only from 3 to 10 pct of the total stored 
energy evolution during annealing after room tem- 
perature deformation was released during recovery, 
the remainder being associated with recrystalliza- 
tion. If the results of stored energy evolution meas- 
urements in deformed copper made by other investi- 
gators’**’"** are examined, it is found that there is 
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little agreement on the relative importance of the 
recovery stage in the release of stored energy. A 
summary of the various investigators’ findings is 
given in Table VI along with some of the pertinent 
experimental details of their work. Suzuki,’ Kan- 
zaki,“ and Stansbury™ all indicate that essentially 
all the stored energy was released during recovery, 
although Kanzaki does not show his evidence for 
this statement, and the Stansbury data were put 
forth only as preliminary results in need of further 
checking. The stored energy evolutions shown by 
Borelius* were measured by a technique similar to 
that used in the present work, and from the shape 
of the isothermal curves there seems little doubt that 
all the energy measured was recovery energy. How- 
ever, the measurements were carried out at temper- 
atures (100°C) too low to reach the recrystallization 
stage in the experimental times, and a comparison 
of the total emission of energy measured with the 
amount to be expected from the heavy reduction 
used in deformation indicates that by far most. of 
the stored energy still remained in the metal after 
the annealing was stopped. Thus the measurements 
of Borelius should be evaluated as revealing most 
of the stored energy to be associated with recrys- 
tallization. Clarebrough’ used two purities of copper; 
in both cases the major portion of the stored energy 
was released during recrystallization, the ratio 
E,/E, of recovery energy to recrystallization energy 
being much smaller for the purer material. 

A search for the clue to the discrepancies be- 
tween these investigations in evaluating the magni- 
tude of E,/E, revealed only one likely possibility. 


Table IV. Recrystallization Activation Energies 


Average 
Pet in Qr, 
Pct Recrystalli- Keal per Keals per 
Lot Elongation zation Gram-Atom Gram-Atom 

30 26.0 
40 26.4 

A 17.7 50 26.6 26.5 
60 26.8 
30 33.5 
40 34.4 

B 10.8 50 35.2 34.8 
60 36.3 
30 28.8 
40 28.8 

B 17.5 50 28.6 28.7 
60 28.5 
30 31.3 
40 31.6 

B 30.0 50 32.0 31.7 
60 32.1 
30 31.0 
40 30.8 

B 39.5 50 30.8 30.8 
60 30.8 
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There seems to be a tendency for Ep/E, to become 
smaller the greater the degree of purity of the metal 
used. Kanzaki’s copper was only 99.8 pct pure, 
Stansbury’s was described as silver-bearing, and 
Suzuki’s was given as 99.96 pct Cu. These were the 
materials which gave very high values of E,p/E,. On 
the other hand, the copper used in the present work 
was of the order of 99.999 pct pure, that of Borelius 
was described as the “purest available,” and Clare- 
brough’s two lots were 99.967 and 99.988 pct Cu, 
respectively. These materials all gave low values of 
E,/E,. A comparison of Clarebrough’s two coppers 
is particularly suggestive in this respect, for the 
99.967 pct batch gave E;/E, = 1/3, while the 99.988 
pct batch gave E,/E, = 1/20. This possible effect of 
impurities would seem to be worthy of systematic 
investigation, and a series of experiments to study 
it is being planned. 


Table Y. Activation Energies for Diffusion, Kcal per Gram-Atom 


Metal Lattice Grain Boundary 
Ag 46.015 20.215 
Cu 47,118 ? 


Recrystallized Grain Size vs Stored Energy: Re- 
cently, Leighly, Walker, and Marx” have derived 
what they described as a phenomenological rela- 
tionship between the recrystallized grain size and 
the stored energy released during recrystallization. 
The equation they give is of the form 


G = Bexp (M/E) [4] 


where G is the recrystallized grain diameter, B and 
M are constants, and E is the stored energy, the 
driving force, of recrystallization. Since at that time 
there were no correlated grain size and stored 
energy data available, they tested their equation by 
making certain assumptions as to the relationship 
between E and the percentage of deformation. On 


a—After 10.8 pct 
elongation. 
c—After 30.0 pct 
elongation. 


Fig. 18—Typical microstructures of samples as recrystallized after various tensile deformations. 
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this basis and with some available data from the 
literature, they claimed a check of the equation. 

Eq. 4 was derived on the assumption that the 
stored energy E can be considered to be distributed 
throughout n microscopic volume cells per unit 
volume of metal in a manner given by the Boltzman 
equation, using E/n in place of kT. The validity of 
this assumption is open to serious doubt because a 
basic requirement of Boltzman statistics is that there 
be a continual interchange of energy between par- 
ticles as a result of thermal motion, whereas the 
existence of such an interchange between the n 
volume cells is at least highly unlikely. 

In spite of this conceptual difficulty, it seemed 
worthwhile to check the form of Eq. 4 in view of the 
availability of E values from the present work. To 
do this required the measurement of grain sizes in 
the completely recrystallized calorimetric samples. 
Because of the difficulties mentioned before, it was 
not possible to get good absolute values of the 
desired grain sizes. However, if Eq. 4 is valid, a 
straight line relationship will exist not only between 
1/E and log G, but also between 1/E and the log- 
arithm of any parameter proportional to G. Such a 
parameter was obtained by X-ray means. Back- 
reflection pictures on carefully electropolished cross- 
sectional surfaces of the calorimetric samples were 
taken with a focusing technique and a diverging in- 
cident beam which allowed a proper size area of the 
sample to be covered to give an optimum number of 
spots on the (311) Debye ring. It was then assumed 
that the number of spots on the ring—with all the 


b—After 17.5 pct 
elongation. 


d—After 39.5 pct 
elongation. 


Ammonium sulphide etch.” X150. Area reduced approximately 20 pct for reproduction. 
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Table VI. Measurements of Stored Energy in Deformed Copper, Various Investigators 


Deformation Conditions 


Evidence for 
, empera- i 
Suzuki? 99.96 Compression Room 5 to 55 pct reduc- Very high Hardness and yield 
d tion in height strength corre- 
K ; lation 
anzaki 99.8 Compression Room 40 to 70 pct reduc- (>10:1) None 
tion in height 
Stansbury18 Not given Swaging 0 to 30°C 85 pct reduc- Very high Hardness 
tion in area correlation 
Clarebrough® 1— 99.967 Torsion Room nd/\* 1= 1/73 Hardness, X-ray, 
2—99.988 0.5 to 3 2= 1/20 metallographic, 
but not shown 
Borelius* “Purest Rolling Room Length doubled All None 
: available” recovery 
This investi- . : Tension Room 10 to 40 pet 1/10 to 1/30 Quantitative pet 
gation (nominal) elongation recrystallization 
measurements 


*n = number of turns in torsion, d = specimen diameter, and 


gage length. 


X-ray conditions held constant and equal areas 
used for all samples—was inversely proportional to 
the grain size. Actually, the quantity desired as G 
in Eq. 4 should be proportional to the number of 
nuclei activated during the recrystallization process, 
which quantity should be exclusive of the twins de- 
veloped during growth. Though some of the spots 
on the Debye ring were reflections from twins, it 
appeared from metallographic examination that the 
number of twins per grain was roughly constant 
from sample to sample, and thus the presence of the 
twins simply introduced a proportionality factor in 
the relationship between the significant grain size 
and the stored energy. The radiation used for the 
X-ray pictures was cobalt Ka. With this radiation, 
the effective penetration distance of the incident 
beam into the copper samples was less than the esti- 
mated average diameter of the smallest grains ex- 
amined. As a result, only the first surface layer of 
grains was examined and any possible nonlinearity 
in the grain size number of X-ray spots relationship 
due to absorption at different levels in the sample 
was eliminated. 

In Fig. 17 a parameter linearly related to the re- 
ciprocal of the number of X-ray spots—and, there- 
fore to the grain size—is plotted on semilogarithmic 
coordinates against the reciprocal of the stored en- 
ergy released during recrystallization. For compari- 
son purposes photographs of the various recrystal- 
lized microstructures are shown in Fig. 18. The 
points in Fig. 17 include data on most of the calori- 
metric samples recrystallized after the different de- 
formations and at several annealing temperatures. 
A reasonably good straight line results. The form 
of Eq. 4 thus appears to be correct. In view of the 
remarks made previously concerning the derivation 
of the equation, however, the check with experiment 
may lack fundamental significance. 


Summary 

An isothermal jacket microcalorimeter supple- 
mented by metallographic, microhardness, and 
X-ray measurements, has been used to study the 
isothermal annealing of high purity copper after 
room temperature tensile deformation. It has been 
found that the stored energy of deformation which is 
released during annealing is evolved in two over- 
lapping stages. The first stage has simple relaxation 
kinetics and is presumably associated with recovery. 
_ The second stage has kinetics typical of a nucleation 
and growth process and has been shown to corres- 
pond with recrystallization. The reaction kinetics 
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of the recrystallization stage, as revealed by the 
stored energy evolution, has been evaluated in 
terms of the equation 


x, = 1— exp (— Bt*) 


where x, is the fraction transformed in time t at 
constant temperature and B and k are constants. 

The total stored energy evolution was found to 
vary from 2.5 to 6.2 cal per gram-atom as the de- 
formation was increased from 10.8 to 39.5 pct elon- 
gation. Most of this energy is released during 
recrystallization. The relative importance of the re- 
covery and recrystallization stages in the stored 
energy evolution has been discussed. 

The ratio of the stored energy evolution to the 
deformational work done on the sample decreased 
with increasing deformation from about 0.13 to 0.05 
over the range studied. 

Activation energies for the recrystallization stage 
have been calculated from the heat evolution curves 
and found to be essentially independent of deforma- 
tion in the range 17.5 to 39.5 pct elongation. At 10.8 
pet elongation, however, the value was slightly, but 
significantly, higher. The activation energies have 
been compared to those for lattice and grain bound- 
ary diffusion. 

An evaluation has been given of a recently pro- 
posed phenomenological relationship between stored 
energy and recrystallized grain size. 
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Technical Note 


Method of Determining the Diffusivity of Gas in Metal: Oxygen in Chromium 
by D. Caplan and A. A. Burr 


N carrying out experiments in metal-gas systems, 

it is often difficult to estimate how long a reaction 
period must be allowed for equilibration. This is 
especially true in systems for which the diffusion 
coefficient is not known. In an investigation of the 
Cr-O system, the necessary information was ob- 
tained in the way described subsequently. 

Two pieces of chromium sheet of different thick- 
nesses were packed in mixed powders of chromium 
and Cr.O, and sealed into an evacuated metal cap- 
sule by welding. Austenitic stainless steel proved 
suitable as a capsule material up to 1350°C and 
molybdenum at higher temperatures. The capsule 
then was heated at a specific temperature for a 
time sufficient to saturate with oxygen the thinner 
but not the thicker specimen. The time is readily 
estimated from a preliminary experiment if a suffi- 
cient thickness differential is chosen. Under these 
experimental conditions, the metal sheet is exposed 
to a partial pressure of oxygen equal to that of the 
dissociation pressure of the oxide and hence can be- 
come saturated with oxygen without developing any 
second phase. After cooling, both samples were 
analyzed for oxygen by the vacuum fusion technique. 

Assuming that the surface of the specimens is 
kept saturated with oxygen throughout the experi- 
ment, the diffusivity can be calculated by applica- 
tion of the appropriate solution to Fick’s second law. 
This is most conveniently accomplished by use of a 
plot of mean fractional saturation (Cm-Co)/(Cs-Co) 
vs (Dt)%/L as given by Darken,* where t is time, 
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L the half-thickness of the sheet, and D the diffusion 
coefficient. Cm, the mean concentration at time f, is 
given by the oxygen percentage in the thicker speci- 
men; Cs, the constant surface concentration, is the 
oxygen percentage in the thinner specimen; Co is 
the oxygen content of the original chromium sheet. 
(Cm-Co)/(Cs-Co) is calculated and the correspond- 
ing (Dt)14/L is read from the graph and D thereby 
calculated. 

By performing the experiment at two tempera- 
tures and plotting log D vs 1/T, the D for any tem- 
perature is established. (The activation energy for 
diffusion may be obtained from the slope of the 
line.) Once D is known as a function of temperature, 
it is a simple matter to estimate the correct reaction 
time for experiments with single specimens at other 
temperatures by equating (Dt)%4%/L to its value for 
effective saturation. Darken’* points out that this is 
approximately unity. 

The solubility of oxygen in chromium, as deter- 
mined from the thin samples at each temperature, 
proved to be approximately 0.03 pct at 1350°C and 
less at lower temperatures. Due to low solubility 
and to the known difficulties of the vacuum fusion 
method in this low range, the values obtained for D 
(5x10 sq cm per sec at 1350°C) are estimated to be 
correct only within an order of magnitude. Never- 
theless, the method has proved useful in estimating 
reaction times. Its usefulness will be greater in 
metal-gas systems where the solubility is appreci- 
able. A second function of the method is to permit 
the determination of diffusion coefficients in systems 
for which the conventional techniques are experi- 
mentally difficult or impossible. 


1L. S. Darken: Symposium on Atom Movements. - 
(1951) Cleve 
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Relationship Between Recovery and Recrystallization 


In Superpurity Aluminum 


by E. C. W. Perryman 


The recovery and recrystallization characteristics of superpurity aluminum have 
been investigated using electrical resistivity, X-ray line breadth, and hardness meas- 
urements for the former and the micrographic method for the latter. The three 
different properties recover at different rates and have different activation energies. 
The recrystallization results agree well with Avrami’s theory and furthermore indi- 
cate that the perfect subgrains formed during recovery are not the nuclei for re- 


crystallization. 


HEN a metal is plastically deformed, its 

physical and mechanical properties generally 
undergo considerable changes and by subsequent 
annealing these changes are partly or wholly an- 
nihilated. Thus, a recovery process can be dis- 
cussed, taking this term in its general sense. In 
practice, however, there is reason to discriminate 
between two apparently different processes, one 
most easily followed at low temperatures, in which 
the properties return to an almost constant value 
between that of the cold worked and fully annealed 
material, and a second process in which the proper- 
ties return to their original values before cold 
working and which is accompanied by the formation 
and growth of new grains having an orientation 
different from that of the matrix. In this paper the 
word recovery will be taken to mean the changes 
in some property as a function of annealing time 
which occur either without the appearance of new 
grains or under conditions such that the new re- 
crystallized grains are very small (= 2 microns), 
are very few in number, and substantially do not 
affect the property being measured. This definition 
is rather abitrary, for it will depend upon the sensi- 
tivity of the technique used for the observation of 
new recrystallized grains, which in the present work 
was about 1 to 2 microns. However, it is helpful to 
use the term recovery in this sense and to reserve 
the term recrystallization for the processes of nucle- 
ation and growth of new grains in the cold worked 
matrix. 

Although considerable work has been done on re- 
covery and recrystallization, most workers have 
based their study on the measurement of one or per- 
haps two parameters. Since very small amounts of 
impurities have such a profound effect on the re- 
crystallization characteristics of a pure metal, it 
becomes extremely difficult to correlate one piece 
of work with another. With this in mind, the present 
work on recovery and recrystallization was done on 
the same material. | 


E. C. W. PERRYMAN is Physical Metallurgist, Physical Metal- 
lurgy Div., Aluminium Laboratories Ltd., Kingston, Ont., Canada, 
and at present is associated with Atomic Energy of Canada Ltd., 
Chalk River, Ont., Canada. 
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AIME by Nov. 1, 1955. Manuscript, Sept. 17, 1954. Chicago Meet- 
ing, February 1955. 
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Experimental Procedure 

Material Used and Fabrication: The composition 
of the superpurity aluminum used throughout this 
investigation was 0.002 pct Cu, 0.003 pct Fe, 0.003 
pet Si, and <0.001 pct Mg. The ingot was hot rolled 
to 0.250 in., annealed, and cold rolled to 0.034 in. A 
large number of reductions and intermediate anneals 
were carried out so as to produce material with a 
minimum of preferred orientation and maximum 
homogeneity. For the recovery part of the investi- 
gation, the final cold reduction was 20 and 80 pct 
and for the recrystallization part, 20 pct. After each 
pass in the cold rolling process, the material was 
quenched in cold water in order to keep the rolling 
temperature as near room temperature as possible. 

Annealing Procedure: For the recrystallization 
work, specimens 1x1 in. were cut from the 0.034 in. 
cold rolled sheet and a hole was drilled in each 
through which a wire was threaded to support it in 
the salt bath. The temperature of the salt bath was 
controlled to +2°C and the time taken for a speci- 
men to reach temperature was approximately 5 sec. 
These 1 in. squares were then divided into three 
groups, one of which was given 5 min at 318°C and 
another 2 hr at 244°C. These treatments were such 
that recovery was almost complete and a well de- 
fined subgrain structure produced. Separate speci- 
mens of each group were annealed for different 
specimens for each annealing time. The delay be- 
tween finish of .cold working and start of annealing 
was about 1 hr. 

For the recovery work, strips 0.062 in. thick were 
cut from the cold worked sheet, annealed, and then 
given the last cold rolling operation. This was done 
for each annealing temperature. By this means it 
was possible to minimize the delay between cold 
working and annealing. In general, all measure- 
ments were carried out within 1 hr of the last cold 
rolling operation. Annealing at low temperatures 
was done in an oil bath the temperature of which 
was maintained constant to +1°C. 

Electrical Resistivity Measurements: Strips 
20x0.5x0.05 in. were machined and the electrical 
resistance measured using a Kelvin double bridge. 
Measurements were made in an oil bath maintained 
at 20+0.1°C. The same specimen was used for the 
complete isothermal annealing curve. 
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Density Measurements: Specimens 4x112x0.05 in., 
weighing about 14 g, were weighed in air and water, 
precautions being taken to deaerate the water and 
prevent the formation of air bubbles on the speci- 
men surface. With a 50 g sample, the standard error 
using this technique has been found to be +0.0002 
g per cu cm. With the lighter samples used here, 
the standard error would be slightly larger. 

Measured X-Ray Half-Peak Breadth: Separate 
samples were annealed for different times at con- 
stant temperature and after annealing were heavily 
etched to remove the heavily deformed skin. Back- 
reflection Laue photographs were taken using un- 
filtered copper radiation and a continuously rotating 
film. The exposure time varied, being greater for 
cold worked than for recovered specimens, but was 
adjusted to give the required line density. A trace 
of the (333) Ka, line was obtained using a Leeds 
and Northrup densitometer and the half-peak 
breadth determined. In no case was it necessary to 
separate the a, and a: reflections, since the overlap 
was very small. 

Hardness Testing: The Vhn of each specimen was 
determined, using a 2% kg load. Hardness tests 
were made after electropolishing and five measure- 
ments were made on each specimen. 

Metallographic Examination: All samples were 
electrolytically polished and either etched electro- 
lytically or in a solution containing 25 pct HNO,, 2 
pct HF, and 73 pct H.O in the way described pre- 
viously." Phase contrast was used for the examina- 
tion of recovery structures, while polarized light 
was used for the recrystallization work. Using this 
technique, the smallest recrystallized grain which 
could be measured was about 2x10%* cm. To deter- 
mine the percentage of recrystallization, rate of 
nucleation N, and growth G, five photographs were 
taken from each sample at a magnification of X50 
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Fig. 1—Fractional change of electrical resistivity is shown as a 

function of annealing time for superpurity aluminum cold worked 


20 pct. Symbols represent various annealing temperatures: tri- 
angles, 74°C; circles, 100°C; and squares, 127°C. 
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Fig. 2—Fractional change of half-peak breadth is shown as a func- 
tion of annealing time for superpurity aluminum cold worked 20 pct. 
Symbols represent various annealing temperatures: open circles, 
281°C; triangles, 250°C; squares, 210°C; and filled circles, 100°C. 
Note change of scale for 100°C anneal. 
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and analyzed by the method described by Anderson 
and Mehl.’ 
Results 


Recovery—lIn all cases the fractional change in 
the property being measured has been taken as a 
measure of the amount of recovery. This fractional 
change is given by (P, — P;)/(P. — P:), where P, is 
the value directly after cold working, P, is the value 
at time t, and P, is the value for completely recrys- 
tallized material. 

Electrical Resistivity Measurements: The total 
change in electrical resistivity brought about by 20 
pet cold reduction was 0.25 pct. The fractional 
change in electrical resistivity as a function of an- 
nealing time at 74°, 100°, and 127°C is given in Fig. 
1. Measurements were continued after much longer 
annealing times than shown in Fig. 1 but in all cases 
there was no further change in electrical resistivity. 
Only part of the increase in resistivity due to cold 
working is recovered during low temperature an- 
nealing and the amount recovered increases slightly 
with temperature. By plotting the logarithm of the 
reciprocal of the time for complete recovery against 
the reciprocal of the annealing temperature T°K, an 
activation energy of 7,700+100 cal per gram-atom 
was obtained. If, however, times such that 50 pct 
of the recovery process had taken place were used, 
a higher value was obtained—15,500 cal per gram- 
atom. Seitz® recently described the increase in elec- 
trical resistivity after cold working in terms of an 
increase in the number of vacancies. If this is the 
case, then cold work should decrease the density. A 
simple calculation shows that if it is assumed that 
the complete increase in electrical resistivity is due 
to vacancies, then for aluminum the density of 
vacancies would be about 3.8x10* per cu cm, giving 
a density change of 0.006 pct which is smaller than 
could be measured. To check this, some density 
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Fig. 3—Times and temperatures are given for recovery of 
X-ray line breadth for superpurity aluminum cold worked 20 
and 80 pct. Symbols represent percentage of cold work: 
circles, 20 pct; and triangles, 80 pct. 
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Table |. Recovery of Superpurity Aluminum Cold Worked 20 and 80 Pct 


Time for 
Time for Complete Recovery, Min Appearance 
nnealing Electrical X-Ray Line Breadth Hardness crystallized 
Tempera- Resistivity, Grains, Min, 
ture, °C 20 Pct CW* 20 Pct CW* 80 Pct CW* 20 Pct CW* 80 Pct CW* 20 Pct CW* 
74 26.5 = = 
100 12.0 120,000 = == 
210 = 100 = = 
250 — 48 25 590 52 480 
281 — 8 5.5 100 24 60 
301 34 10 10 
318 — 14 — 2 
Activation energy, cal 
per gram-atom 7700+100 22,400+2000 20,000+5000 31,800+2600 22,500+2400 —_— 


* CW stands for cold worked. 


measurements were done on the cold worked, re- 
covered, and fully recrystallized material. No sig- 
nificant differences were found between any of the 
samples, the values all lying between 2.6984 and 
2.6990 g per cu cm. 

X-Ray Half-Peak Breadth Measurements: Iso- 
thermal annealing curves for material cold worked 
20 pct are shown in Fig. 2. Similar curves were 
obtained for material cold worked 80 pct, the final 
steady value being the same as that for 20 pct cold 
work. The half-peak breadth of the (333) Ka, line was 
12.6’ of are for fully recrystallized material and 42.8’ 
and 54.6’ of are after cold working 20 and 80 pct, 
respectively. About 47 and 57 pct of the line broad- 
ening in material cold rolled 20 and 80 pct, re- 
spectively, is recovered during annealing for tem- 
peratures and times such that no recrystallization 
has commenced. Furthermore, the magnitude of this 
recovery within the experimental error is indepen- 
dent of temperature. The activation energy plot is 
shown in Fig. 3. The slopes of the straight lines are 
independent of the amount of recovery and the aver- 
age slope gives an activation energy of 22,400+2000 
and 20,000+5000 cal per gram-atom for 20 and 80 
pet cold work, respectively. 

Hardness Measurements: Isothermal annealing 
curves for material cold worked 20 pct are shown in 
Fig. 4. Similar curves were obtained for material 
cold worked 80 pct except that the recovery times 
were smaller. The Vhn of the fully recrystallized 
material was 14.2 and directly after cold working 
was 28.8 and 42.2 for 20 and 80 pct cold work, 
respectively. Only 30 to 40 pct softening occurs 
during recovery and, in agreement with previous 
work,*® this is independent of the amount of cold 
work. The final steady hardness value, however, in- 
creases with cold work and decreasing annealing 
temperature. Activation energy plots of the com- 
plete recovery times gave activation energies of 
32,100+500 and 22,500+2400 cal per gram-atom for 
20 and 80 pct, respectively. As was the case with 
the X-ray half-peak breadth, the activation energy 
was almost independent of the amount of recovery. 

TableI gives a summary of the recovery times 
and the activation energies for the different proc- 
esses. Also included in Table I is the time taken for 
the appearance of new recrystallized grains. It will 
be seen that new recrystallized grains first appear 
just before recovery of hardness is complete. It 
might be thought that these new recrystallized 
grains would have an effect on the hardness, but it 
must be remembered that at this stage they are very 
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small (1 to 2 microns) and are very few in number 
—possibly three or four could be seen in 1 sq in. 

Metallographic Examination: Substructures simi- 
lar to those described previously* were observed 
directly after cold working. The subgrain size, 1 
to 2 microns, was about the same for 20 and 80 pct 
cold work. However, subgrains and deformation 
bands were much more easily seen in material cold 
worked 80 pct than in that cold worked 20 pct. On 
annealing, the structures became much sharper, and 
after annealing times such that the X-ray line 
breadth had recovered, the deformation bands could 
be seen to be split into subgrains, Fig. 5. As the an- 
nealing time increased, further deformation bands 
became split up and by the time the hardness had 
fully recovered, most areas showed a well defined 
equiaxed subgrain structure, as seen in Fig. 6. Even 
after these long annealing times, a large number of 
grains still showed no substructure. With increased 
annealing times, there was no apparent sign of sub- 
grain growth, the only observable difference being 
an increase in contrast between adjacent subgrains. 
The subgrain size increased slightly with increasing 
temperature (see Figs. 7 and 8) and decreased with 
increasing amounts of cold work (see Figs. 5 through 
7 and 9). 

Kinetics of Recovery: From the results given so 
far, it is clear that recovery is not a single process as 
in the classical picture of recrystallization. The three 
properties studied recover at different rates, the rate 
of recovery decreasing in the order: electrical re- 
sistivity, X-ray line breadth, and hardness. Similar 
results were obtained by Tammann’ for cold worked 
iron and more recently A. H. Lutts and P. A. Beck’ 
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Fig. 4—Fractional change of hardness is shown as a function of 
annealing time for superpurity aluminum cold worked 20 pct. Sym- 
bols represent various annealing temperatures: squares, 247°C; 
circles, 281°C; encircled crosses, 301°C; and triangles. 318°C. 
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Fig. 5—Superpurity 
aluminum was cold 
worked 20 pct and 
annealed for 1 hr at 
250°C. Specimen 
was etched in 73 pct 
H:O, 25 pct HNOs, 
and 2 pct HF at 
50°C photo- 
graphed with phase 
contrast. X1000. 
Area reduced ap- 
proximately 35 pct 
for reproduction. 


Fig. 7—Superpurity aluminum was cold Fig. 
worked 20 pct and annealed for 2 days at 
250°C. Specimen was etched in 73 pct H.O, 
25 pct HNOs, and 2 pct HF at 50°C and 
photographed with phase contrast. X1000. 
Area reduced approx. 35 pct for reproduction. 


have shown that, for a heavily cold worked alumi- 
num single crystal, the X-ray line breadth recovers 
much faster than the hardness. 

The recovery results were analyzed to see if they 
would fit the single stage process proposed by Cook 
and Richards® and the theory proposed by Cottrell 
and Aytekin.® In neither case could the author’s 
results be fitted to the proposed equations. It was 
found however, see Fig. 10, that these results could 
be fitted reasonably well to an equation of the type 
proposed by Betteridge” 


= [1] 


where P is the value of property being measured at 
some annealing time t, P, is the value of property 
directly after cold working, and x is the steady 
value of P after long annealing times. 
Recrystallization—The object of this part of the 
investigation was twofold: 1—to investigate the 
kinetics of recrystallization and 2—to determine 
whether prior recovery has any effect on the kinetics 
of recrystallization, rate of nucleation N, or rate of 
growth G. After annealing, samples were electro- 
lytically polished and etched and five photographs, 
using a direct positive process, were taken from each 
sample at a magnification of X50. First, the maxi- 
mum and minimum diameters of the largest grain 
visible which had not impinged upon another grow- 
ing grain were measured. The two measurements 
were made because, in general, the new grains 
tended to be elliptical. Next, the number of re- 
crystallized grains per unit area was counted and 
then the combined area of the recrystallized grains 
was measured using a planimeter. The results from 
the five photographs were averaged. Isothermal 
annealing curves were determined at 301°, 318°, 
355°, and 375°C for material cold worked 20 pct 
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8—Superpurity aluminum cold 
worked 20 pct and annealed for 45 min at 
318°C. Specimen was etched in 73 pct H.O, 
25 pct HNOs, and 2 pct HF at 50°C and 
photographed with phase contrast. 
Area reduced approx. 35 pct for reproduction. 


Fig. 6—Superpurity 
aluminum was cold 
worked 20 pct and 
annealed for 11 hr 
at 250°C. Specimen 
was etched in 73 pct 
H.0, 25 pct HNOs, 
and 2 pct HF at 
50°C photo- 
graphed with phase 
contrast. X1000. 
Area reduced ap- 
proximately 35 pct 
for reproduction. 


Fig. 9—Superpurity aluminum was cold 
worked 80 pct and annealed for 1 hr at 
250°C. Specimen was etched in 73 pct H:0, 
25 pct HNOs, and 2 pct HF at 50°C and 


X1000. photographed with phase contrast. X1000. 


Area reduced approx. 35 pct for reproduction. 


and also for material which had been recovered for 
2 hr at 244°C and 5 min at 318°C. After these two 
recovery treatments, well defined subgrains were 
visible and it will be seen from Table II that both 
these treatments are such that the line breadth was 
fully recovered and that recovery of the hardness 
was almost complete. Actual measurements after 
these two recovery treatments are given in Table II. 

Measurement of Percentage of Recrystallization: 
Fig. 11 shows the isothermal recrystallization curves 
for superpurity aluminum cold worked 20 pct both 
with and without prior recovery. It is clear that 
within the experimental error, recovery annealing 
prior to recrystallization has had no effect. As shown 
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Fig. 10—Theoretical recovery curves are plotted. Section A shows 
curve for superpurity aluminum cold worked 20 pct and annealed at 
100°C. 1/(p-2.6602) = (1/0.00165) + 515t. Curve B is for 
superpurity aluminum cold worked 20 pct and annealed at 100°C. 
1/(B-30) = (1/12.1) + 0.00069t. Curve C is for superpurity 
aluminum cold worked 80 pct and annealed at 280°C. 1/(H-33) = 
(1/9.2) 0.110¢. 
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Fig. .11—lIsothermal  recrystallization 
curves are plotted for superpurity alumi- 
num cold worked 20 pct. Triangles rep- 
resent specimens annealed directly after 
cold working; squares, specimens recoy- 
ered 2 hr at 244°C before annealing; and 
circles, specimens recovered 5 min at 
318°C before annealing. 
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Table Il. Measurements of Half-Peak Breadth and Hardness after 
Recovery Treatments 


Half-Peak Breadth, 


Condition Min of Arc Vhn 
As cold worked 20 pct 42.8 29 
Cold worked 20 pct; 2 hr at 244°C 29 24 
Cold worked 20 pct; 5 min at 318°C Sil 23 


before, there was a tendency for groups of new re- 
crystallized grains to form rather than separate ones 
and, furthermore, these formed preferentially at the 
grain boundaries. Fig. 12 shows the percentage of 
softening plotted against the percentage of recrys- 
tallization. This graph also includes the results 
of a previous investigation’ so that it is 
made up from results on material cold worked dif- 
ferent amounts from 20 to 60 pct and annealed at 
various temperatures in the range 301° to 375°C. 
As shown before,”* the softening is more rapid in 
the early stages of recrystallization because re- 
covery and recrystallization are proceeding together. 
Once recovery is complete, there is a linear relation- 
ship between the percentage of softening and per- 
centage of recrystallization, as would be expected on 
statistical grounds. It is quite clear that misleading 
results will be obtained if the hardness is taken as a 
linear function of percentage of recrystallization. 
Activation energy plots were made at various de- 
grees of recrystallization; the results are given in 
Table III. It will be seen that none of the values 
given in Table III are significantly different, result- 
ing in an average value of 64,800+2000 cal per gram- 
atom. In previous work,’ a figure of 56,000 cal per 
gram-atom was obtained for a slightly higher purity 
aluminum cold worked 20 pct. 

Measurement of Growth Rate: Figs. 13 through 
15 show the variation in maximum diameter of the 
largest unimpinged grain with annealing time for 
samples cold worked 20 pct, annealed directly after 
cold working, and annealed after two different re- 
covery treatments. Similar curves were obtained 
for the minimum diameter. It is commonly supposed 
that the growth of new recrystallized grains is 


Table III. Activation Energies for Recrystallization 
Pct Recrys- Activation Energy, 
tallization Cal per Gram-Atom 
10 65,700+1600 
30 63,500-+2700 
50 62,400+2700 
80 64,100+2700 
100 68,400+3200 
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linear and then the rate of growth decreases be- 
cause of impingement with other grains. It will be 
seen from Figs. 13 through 15 that the departure 
from linearity occurs at very small amounts of total 
recrystallization (= 3 pct) and it seems rather 
doubtful that at this level of recrystallization there 
will be impingement. It is interesting to note that 
all the curves extrapolate back to zero time, thus 
indicating that under the conditions investigated 
there is no incubation period. Prior recovery ap- 
pears to have no significant effect on the rate of 
growth which is in agreement with the observations 
of Muller” and Kornfeld and Pavlov.” Similarly 
Reiter’ found that strain aging of low carbon steel 
has no influence on the rate of growth G. 

The growth rate measurements are summarized 
in Table IV. 


Table IV. Measurements of Growth Rate G for Superpurity 
Aluminum Cold Worked 20 Pct 


Annealing Gu, Long Gy, Short 
Temperature, Direction, Direction, 
°C Cm per Sec Cm per Sec 

301 5.4x10-7 

318 8.2x10-6 4.1x10-8 

355 5.2x10-5 2.6x10-5 

375 1.9x10-4 1.0x10-4 


For a constant strain, the dependence of G upon 
temperature has been described by the relation 


[2] 


Fig. 16 shows log G as a function of 1/T from which 
a value of 55,400+8800 cal per gram-atom and 
1.3x10” cm per sec is obtained for and respec- 
tively. These values are in quite good agreement 
with the values of 55,000 cal per gram-atom and 
1.5x10”" cm per sec obtained by Anderson and 
Mehl’ for high purity aluminum (99.95 pct) strained 
15 pet. Turnbull” has recently derived the following 
equation relating G,, the constant in Eq. 2, with the 
jump distance of atoms in diffusion i, the energy 
stored in the lattice by cold working AF, and the 
entropy of activation for grain boundary migration 
(AS4)o 


( kT )( AF 
G=enr 
h RT 


where k and h are Boltzmann and Planck’s con- 
stants, respectively. Assuming that the driving 
force for recrystallization is of the same order of 
magnitude as the energy stored during cold work- 
ing, the author will take for AF the value of 21.6 cal 
per gram-atom found by Kansaki” for 99.9 pet Al 
compressed 60 pct. This is a reasonable assumption, 


) eA8Ha/R [3] 
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% SOFTENING 


RECRYSTALLIZATION 

Fig. 12—Percentage of softening is shown as a function of the 
percentage of recrystallization for superpurity aluminum. Symbols 
represent: open triangles, cold rolled 20 pct and annealed at 
318°C; open circles, cold rolled 20 pct and annealed at 355°C; 
encircled crosses, cold rolled 20 pct and annealed at 375°C, data 
taken from previous work; filled triangles, cold rolled 40 pct and 
annealed at 375°C, data taken from previous work; filled circles, 
cold rolled 60 pct and annealed at 350°C, data taken from previ- 
ous work; squares, cold rolled 60 pct and annealed at 375°C, data 
taken from previous work; half-filled circles, cold rolled 20 pct and 
annealed at 375°C; and inverted open triangles, cold rolled 20 pct 
and annealed at 301°C. 
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Fig. 13—Diameter of the largest grain (long direction) is shown as 
a function of annealing time at 301°C. Triangles represent speci- 
men annealed directly after cold working and circles, specimen re- 
covered 5 min at 318°C before annealing. 


for the results of Borelius et al.” indicate that for 
aluminum most of the stored energy is released 
during recrystallization. Furthermore, (AS,)¢ is 
quite insensitive to changes in AF. The grain bound- 
ary thickness and diffusion distance \ is taken to be 
2x10° cm. Using Eq. 3, then a value of 50.5 cal per 
degree per gram-atom is found for (AS,),. The free 
energy of activation for grain boundary migration 
(AF,)¢ can now be found using the equation 


(AF4)e = Qe — T(ASu)¢ — RT [4] 


where Q, is the measured activation energy for 
grain growth. Using this equation, then, a value of 
23,200 cal per gram-atom is found for (AF), at 
340°C. These values are in good agreement with 
those calculated from the results of Anderson and 
Mehl’ and Kornfeld and Pavlov,” see Table V. For 
comparison, the activation energy Q,, entropy of 
activation (AS,),, and free energy of activation 
(AF), for self-diffusion are also given in Table V: 
It is interesting to note that the values of (AF,),¢ are 
in very good agreement with one another and that 
(AF,),¢ 1s much smaller than the free energy of acti- 
vation for self-diffusion within the grains. As 
pointed out by Turnbull,” the value for grain bound- 
ary self-diffusion would be a more appropriate figure 
for comparison. 
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Fig. 14—Diameter of the largest grain (long direction) is shown as 
a function of annealing time at 318°C. Triangles represent speci- 
men annealed directly after cold working; circles, specimen recoy- 
ered 5 min at 318°C before annealing; and squares, recovered 2 hr 
at 244°C before annealing. 
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Fig. 15—Diameter of the largest grain (long direction) is shown as 
a function of annealing time. Filled circles represent specimen 
annealed at 373°C directly after cold working; triangles, specimen 
annealed at 355°C directly after cold working; open circles, speci- 
men recovered 5 min at 318°C before annealing at 355°C; and 
squares, specimen recovered 2 hr at 244°C before annealing at 


Measurement of Planar Rate of Nucleation N: The 
measurement of N is a very difficult and time-con- 
suming process for three dimensional recrystalliza- 
tion. However, Phillips and Phillips,“ working with 
heavily cold worked copper, found that the ratio of 
the number of spherical grains per unit volume to 
the number of grains per unit area was almost con- 
stant for all the materials they investigated, which 
indicates that for a qualitative comparison it is suffi- 
cient to measure the planar rate of nucleation. The 
number of new grains per sq cm is shown as a 
function of the logarithm of the annealing time in 
Fig. 17 for material annealed directly after cold 
working and after two different recovery treatments. 
It is clear from Fig. 17 that prior recovery has had 
no significant effect on the number of grains per sq 
cm and therefore has no effect on the rate of nuclea- 
tion. It is interesting to note the decrease in the 
number of grains which has occurred after long 
annealing times at 355° and 373°C. This, as can be 
seen micrographically, is because of primary grain 
growth within the recrystallized areas. With lower 
annealing temperatures such as 301° and 318°C, the 
rate of primary grain growth is not sufficient to give 
this decrease but is such that it counterbalances the 
rate of formation of new grains and so the number 
of grains remains almost constant. It is clear, there- 
fore, that any theory which is used for the assess- 
ment of the as-recrystallized grain size must take 
the rate of primary grain growth into consideration 


TRANSACTIONS AIME 


{00 
90) 
80) 
38 
4 % 
70 
av 
60) © e 
te 
av 
50) 
30} 
20 
10} 
4 
fo) 


Table V. 


Comparison of Energy, Entropy, and Free Energy of Activation in Self-Diffusion 


and Grain Boundary Migration for Aluminum 


AS Cal per Q, Keal per 
Degree, Gram-Atom Gram-Atom AF a4, Keal per Gram-Atom 
x Temperature Go, Cm 
Strain Range, °C per Sec (AS4) (AS Qn Qe (AF 4) (AF 
eveve 425 to 540 4.5x107 — 22.2 = 34 30.5, 17.2 
5 pet . 310 to 370 1.5x1016 9.2 60.7 37.5 59 32.0 21.8 
20 pct cold reduction 310 to 375 1.3x10% — 50.5 —_— 55.4 32.0 De 
by rolling 


as well as the rate of nucleation N and rate of 
growth G. 

In order to determine the rate of nucleation, en- 
larged linear plots were made of the number of new 
grains per sq cm vs the annealing time. The slope 
of the resultant curve at any time period, divided 
by the fractional area of unrecrystallized matrix at 
the same time period, then gave the rate of nuclea- 
tion N. Fig. 8 shows a typical linear plot of the 
number of new recrystallized grains as a function of 
annealing time for 318°C. In this graph the three 
points for each annealing time shown in Fig. 17 have 
been averaged. For all annealing temperatures the 
number of grains was, within the experimental 
error, a linear function of annealing time up to the 
time for about 30 pct recrystallization and extra- 
polated back to zero time. Thus these results con- 
firm those of the grain growth measurements in that 
under the condition used there is no incubation 
period. The rate of nucleation N as a function of 
annealing time is shown in Figs. 19 and 20. N in- 
creases slightly with annealing time and then de- 
creases sharply at about 10 pct recrystallization. 
From these curves it appears that recrystallization 
has started from the very first instance, which indi- 
cates that the germ nuclei or embryos are already 
present in the cold worked material. The shapes of 
the nucleation time curves are very different from 
those found by Anderson and Mehl’ and Reiter™ for 
the recrystallization of lightly strained aluminum 
and low carbon steel, respectively. Anderson and 
Mehl, however, did some work on heavily rolled 
aluminum (90 pct reduction) and concluded that the 
rate of nucleation N shows either a maximum at 
short annealing times or steadily decreases from the 
beginning. The only other work which has been 
done on heavily cold worked material using the 
micrographic technique is that of Phillips and Phil- 
lips” on copper. They found that the rate of nuclea- 
tion decreased with time similar to that shown in 
Figs. 19 and 20. Unfortunately their measurements 
of N did not extend back to the early stages of re- 
crystallization, the first point on their curve being at 
about 10 pct recrystallization. It is clear from Fig. 
17 that prior recovery has exerted no influence on 
the rate of nucleation N. 

Since the rate of nucleation N is a sensitive func- 
tion of time it is difficult to know how to compare N 
at different temperatures. Other workers in this 
field have compared N at various temperatures for a 
constant percentage of recrystallization and have 
found that N can be expressed as a function of tem- 
perature by the equation 


N = [5] 


Thus by plotting log N against the reciprocal of the 
‘absolute temperature Qy can be determined. Fig 16 
shows this plot for N at 5 pct recrystallization from 
which a value of 62,500+2800 cal per gram-atom is 
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obtained for Q,y. This is slightly larger than the 
value of 53,500 cal per gram-atom found by Ander- 
son and Mehl.’ However, it will be seen that the 
activation energies for nucleation and growth, Qy 
and Qz., are not significantly different. Burke and 
Turnbull,” in their discussion of recrystallization, 
conclude that if Q@y=Qz<, the as-recrystallized grain 
size should be independent of temperature. This was 
found’ to be the case for superpurity aluminum in 
the temperature range 350° to 400°C. 

Kinetics of Recrystallization: A very full and 
complete discussion of the kinetics of recrystalliza- 
tion has been given by Burke and Turnbull* and 
there is no need to review these here. Johnson and 
Mehl” and Avrami” have presented equations based 


on the nucleation and growth hypothesis. Both 
theories lead to the following equation 
1 t 
Ln (Ce (t — r)*Ndr [6] 


where x is the fraction recrystallized in time f, 
G, G, G, are the rates of growth in x, y, and z direc- 
tions, 7 is the nucleation period, and N is the rate of 
nucleation. 

The Johnson and Mehl and Avrami treatments 
differ only in their assumptions as to how N varies 
with time. Johnson and Mehl say that this must be 
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Fig. 16—Log G and log N are shown as a function of 1/T 
in recrystallization of superpurity aluminum cold worked 20 
pct. Symbols represent: filled circles and dotted line, rate of 
nucleation N; open circles, G, long direction; and triangles, 
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determined by experiment and is shown by Stanley 
and Mehl” to be of the form N =ae’’. Clearly this 
equation cannot represent the author’s results where 
the rate of nucleation is almost constant with time 
and then decreases sharply at about 10 pct recrys- 
tallization. 

Avrami, on the other hand, says that there are 
pre-existing in the unrecrystallized matrix a certain 
number of preferred nucleation sites which, for ex- 
ample, might be suitably oriented subgrains or re- 
gions of high strain. During recrystallization, these 
sites are used up by becoming active growth nuclei 
and through being consumed by growth of new re- 
crystallized grains. Let the number of germ nuclei 


per unit volume be N. As stated previously, these 
germ nuclei become used up in two ways. Some of 
these will become growth nuclei whose number will 
be N’ and others N” will be consumed by the grow- 
ing recrystallized grains. Avrami points out that if 
the probability of formation of growth nuclei per 
germ nucleus per unit time is large so that almost all 
of the germ nuclei start growing before any are con- 
sumed by the growing grains, then the rate of 
nucleation N is given by 


where n is the probability of formation of growth 
nuclei. Avrami then goes on to show that the num- 
ber of growth nuclei N’ at any time t is given by 


N’ = N (1-e**) [8] 
which for small values of t gives 
N’ = Nnt. [9] 


Thus in the early stages of recrystallization, the 
number of new grains will be linear with t and then 
decrease rapidly. This theory seems to fit the 
author’s results very well; see Fig. 18. 

Avrami now substitutes Eq. 7 in Eq. 6 and as- 
sumes G, = G, = G. and arrives at the following 
general equation for the kinetics of recrystallization 


[10] 


He then shows that, for polyhedral growth, k lies 
between 3 and 4 depending upon whether 7 is large 
or small, respectively. If the new grains are plate- 
like, then k lies between 2 and 3 and if growth is one 
dimensional, k lies between 1 and 2 for n large 
or small, respectively. To determine the constants 
in Eq. 10 loglog 1/(1-x) was plotted against log t; 
see Fig. 21. Quite good straight lines are obtained 
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Fig. 19—Rate of nucleation is plotted as a function of annealing 
time at 301° and 318°C. 


error in x will give a very large error in the func- 
tion loglog 1/(1-x). The slopes of these lines are 
almost the same, giving values of k lying between 
1.40 and 1.43. Using these values of k and also val- 
ues of B derived from Fig. 21, the percentage of re- 
crystallization was calculated and is shown plotted 
in Fig. 22 together with the experimental points. 
The agreement between the experimental and cal- 
culated values is very good up to about 80 pct re- 
crystallization, this corresponding to the departure 
from linearity in Fig. 21. 

Two alternative theories for the kinetics of re- 
crystallization which are both independent of N and 
G have been proposed by Krupkowski and Balicki” 
and Cook and Richards.* Both theories lead to equa- 
tions of the same kind as Avrami’s with k = 1 and 
k = 2. Clearly neither of these can be applied to 
the author’s results. Thorley,” using the same 
hypothesis as Cook and Richards but without mak- 
ing any assumptions, has given the following equa- 
tion 

1 # | 
(e*'-1) 


where A and @ are constants. The variations of A 
and 8 with temperature is given by 6 = be” and 
A = ae" where P and Q are the activation ener- 
gies for the first and second stages of the recrystal- 
lization. Thorley considers that the first stage is 
recovery. If t is large, e*’ =0 and Eq. 11 becomes 


Ln 


[11] 


Ln A Get) [12] 


1-x 


1 
where ft, = iu A and B were determined by plot- 


ting log 1/(1-x) against t, a typical plot being 
shown in Fig. 23. Using these values of A and £ the 
percentage of recrystallization was calculated and is 
shown plotted together with the experimental points 
in Fig. 24. As in previous work,* the agreement be- 
tween the calculated and experimental points is 
very good except for a slight discrepancy towards 
the end of the recrystallization process. 

Log A and log t, were plotted against the reci- 
procal of the absolute temperature and values of 
64,800+400 and 63,600+2900 cal per gram-atom 
were obtained for P and Q, respectively. For com- 
parison, Table VI gives a summary of the activation 
energies determined during this investigation. 

It will be seen from Table VI that the activation 
energy for recovery P, determined from Thorley’s 
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Fig. 20—Rate of nucleation is plotted as a function of annealing 
time at 355° and 373°C. 


equation, does not agree with the activation energy 
of any of the recovery processes studied. Varley” 
claims to have shown that, for commercial purity 
aluminum cold worked 75 pct, the activation energy 
for recovery and recrystallization are the same. This 
does not invalidate the author’s results because in 
an earlier paper’ it has been shown that superpurity 
aluminum cold worked 80 pct gives an activation 
energy for recrystallization of about 36,000 cal per 
gram-atom, which is not too dissimilar from the 
activation energy for the recovery of hardness; see 
Table I. Thus the activation energies for recovery 
and recrystallization will be similar for high amounts 
of cold work but very different at low amounts. 

It is interesting to note that P has a value similar 
to that for nucleation. A similar correspondence was 
found by Phillips and Phillips” for copper. Although 
Thorley’s equation can be fitted to the results, the 
theoretical basis on which it is derived breaks down 
on three counts: 1—the equation describing re- 
covery as a first order rate process does not fit the 
author’s recovery results, 2—the so-called activa- 
tion energy for recovery P is in wide disagreement 
with the determined activation energies for re- 
covery, and 3-—prior recovery has no influence on 
the recrystallization process. 


Table VI. Activation Energies for Recoyery and Recrystallization of 
Superpurity Aluminum Cold Worked 20 Pct 


Activation Energy, 


Property Measured Cal per Gram-Atom 


Electrical Resistance—recovery 
X-ray line breadth—recovery 
Hardness—recovery 
Recrystallization 

Rate of growth G 

Rate of nucleation N 

P, Thorley’s recovery 

Q, Thorley’s recrystallization 


7,700+100 
22,400+2000 
31,800+2600 
64,800+2600 
55,400+8800 
62,500+2800 
64,800+400 
63,600+2900 


Discussion of Results 

The results of this work have shown that re- 
covery and recrystallization are two distinct proc- 
esses, although the two may overlap each other to 
a certain extent. 

For discussing the recovery process it will be 
convenient to take the X-ray line broadening results 
first. First, it can be safely assumed that the broad- 
ening observed throughout this work due to strain 
for particle sizes greater than 1 micron will not 
be effective in this respect. Hall and Williamson™ *” 
have investigated the shapes and intensities of 
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Fig. 21—Loglog 1/(1-x) is plotted against 
log t. 
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X-ray reflections from cold worked aluminum and 
concluded that line breadth is determined by long 
range strains and hence by the distribution of dis- 
locations, whereas the increase in background and 
decrease in line intensity is determined by the vol- 
ume of metal containing intense local strains and 
hence by the density of dislocations. Their results 
also showed that on recovery the line breadth 
changed before the background intensity did, thus 
indicating that a redistribution of dislocations occurs 
before annihilation. The results reported here agree 
with this conception, for the hardness, which would 
be expected to be a function of both the distribution, 
density of dislocations, and subgrain size, took a 
longer time to recover than line breadth. The work 
of Harper” indicates that the density of dislocations 
reaches a saturation value at relatively low amounts 
of cold work and so for 20 and 80 pct cold reduction 
used here the dislocation density would be similar. 
The fact that the activation energy for recovery of 
line breadth and the value of the recovered line 
breadth were both independent of the amount of cold 
work thus supports the contention that line breadth 
is reduced by a redistribution of dislocations. The 
microstructures after recovery can also be explained 
on this basis, for after recovery there is much greater 
contrast between subgrains and, furthermore, the 
subgrain boundaries appear darker (i.e., preferenti- 
ally attacked) than the interior of the subgrains. 
This is what would be expected if dislocations dif- 
fused and became locked in the subgrain boundaries. 

The hardness of cold worked material after re- 
covery will depend upon the density of dislocations 
and the subgrain size. Thus after recovery the 
hardness should increase with the amount of pre- 
vious cold work because of the finer subgrain size 
and should decrease with increasing annealing be- 
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cause of increasing subgrain size. It should be noted 
that, although the line breadth is recovered before 
the hardness, considerable softening has occurred by 
the time that the line breadth has fully recovered, 
thus indicating that the major part of the softening 
is due to redistribution of dislocations. 

The observation that the contrast between sub- 
grains is much greater after recovery than directly 
after cold working suggests that the orientation dif- 
ference between adjacent subgrains increases dur- 
ing recovery as would be expected if dislocations 
became locked in the subgrain boundaries. Further- 
more, the present work suggests that the orientation 
difference between subgrains directly after cold 
working is smaller for 20 pct than 80 pet cold work. 
Recent work on polygonization™ indicates that low 
angle boundaries with an orientation difference be- 
tween adjacent grains of less than 1° are very mo- 
bile. This mobility.decreases with increasing orien- 
tation difference until with an orientation difference 
of about 10° the mobility increases with further 
increase in orientation difference. It is therefore 
possible that with 20 pct cold work the mobility of 
the subgrain boundaries directly after cold working 
is greater than with 80 pct cold work. This explains 
the larger subgrain size with 20 pct than with 80 pct 
after annealing. After annealing, however, the 
orientation difference increases, thus reducing the 
mobility of the subgrain boundaries and thereby 
explaining the stability of subgrain size on further 
annealing. 

The increase in electrical resistivity which is 
brought about by cold working has been described 
in terms of dislocation and vacancies. The relative 
effects of these two factors are far from clear at the 
present time. However, the present work shows that 
30 pct of the electrical resistance is recovered very 
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much more quickly than line breadth and hardness, 
both of which involve the diffusion of dislocations. 
For example, at 100°C the electrical resistivity is 
fully recovered in 12 min, while the line breadth 
takes 120,000 min. This suggests that the part of the 
electrical resistance which is recovered during low 
temperature annealing is due to vacancies or va- 
cancy pairs either forming into aggregates during 
annealing, which are sufficiently large to produce 
less scattering than single vacancies, or by diffusing 
and becoming trapped at high angle grain boundaries. 

These results strongly indicate that after recovery 
most of the strain energy produced by cold working 
still remains. This agrees with the findings of 
Borelius et al.” that only a small fraction (4 pct) 
of the stored energy is released during recovery. The 
residual stored energy left after recovery is the 
driving force for recrystallization. 

The recrystallization results agree very well with 
Avrami’s theory” except that the determined value 
of 1.4 for k is lower than would be expected. This 
figure however agrees with previous work’ where 
values of k varying between 1.1 and 1.6 were ob- 
tained for superpurity aluminum and superpurity 
base Al-Mg alloys cold worked 20 to 60 pct. Laurent 
and Batisse* have analyzed the results of other 
workers on the basis of Avrami’s theory and finds 
that for a wide variety of conditions k for aluminum 
lies between 1 and 1.7. The only exception seems to 
be the value of 4.5 to 7.5 found by Anderson and 
Mehl’ for lightly strained aluminum. There is, how- 
ever, an inconsistency between Anderson and Mehl’s 
results using the micrographic technique and those 
of Laurent and Batisse using hardness measure- 
ments. Both groups of workers used low tensile 
strains; yet the former found k between 4.5 to 7.5 
and the latter, 1.65 to 2. Apart from these inconsis- 
tencies, it is clear from the survey of Laurent and 
Batisse and the present results that for rolled mate- 
rial k lies between 1 and 1.7. On the basis of Av- 
rami’s theory, a value of between 2 and 3 would be 
expected for recrystallization in sheet. It was men- 
tioned earlier that the rate of growth started to de- 
crease at very small amounts of recrystallization 
(3 pct). This decrease in G together with the fact 
that the rate of nucleation N decreases with time 
could explain these low values of k. In contrast to 
some earlier investigations on this subject, no incu- 
bation period was observed in this work. A possible 
reason for this is the much more sensitive metallo- 
graphic techniques used in the present work. 

The question as to what constitutes the driving 
force for recrystallization has recently been the sub- 
ject of controversy. The present results indicate that 
the driving force is strain energy, most of which is 
concentrated at the subgrain boundaries because: 
1—the recovered values of electrical resistivity, line 
breadth, and hardness are much greater than the 
fully annealed values and 2—measurements of the 
rate of nucleation indicate that the germ nuclei are 
already present in the cold worked material. This is 
also indicated by the fact that Avrami’s equation, 
which is based on this postulate, fits the results. 
Measurements on the isothermal release of stored 
energy made by Borelius et al.” also support this 
contention. All the measurements which have been 
made so far on the release of stored energy have 
shown that a large part of the stored energy is re- 
leased during recrystallization. The only exception 
is Suzuki’s® work on copper which showed that all 
the energy was released during recovery. The only 
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work on the release of stored energy in aluminum is 
that of Kanzaki.” It would appear from Kanzaki’s 
curves that the major part of the stored energy is 
released during recrystallization. 

The present results suggest that the germ nuclei 
are present in the cold worked metal. It is not pos- 
sible to say what these are; they may be certain 
subgrains which are suitably oriented to become 
growth nuclei or certain regions of high lattice 
curvature. As discussed previously, the latter seems 
more likely. The fact that there is no effect of prior 
recovery suggests that if subgrains are germ nucle}, 
perfection of these subgrains is not necessary for 
them to become growth nuclei. 


Discussion of this paper, if any, will appear in 
JOURNAL OF METALS, May 1956, and in AIME Metals 
Branch Transactions, Vol. 206, 1956. 
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Technical Note 


On the Casting, Rolling, and Annealing Textures of Chromium 
by W. H. Smith 


N the course of an investigation on chromium 

containing minor amounts of alloying elements, 
the information herein has been obtained on the crys- 
tallographic orientations resulting from arc melt- 
ing, rolling, and annealing. 

The chromium used in this investigation was elec- 
trolytic flake obtained from the Electro Metallurgi- 
cal Co. This material was heated for 20 hr at 1600°C 
in hydrogen with a dew point of about —100°C. The 
oxygen and nitrogen content of the chromium after 
this treatment was 0.0003 pct O and 0.005 pct N. 

Five pounds of this chromium were arc melted in 
a water-cooled copper crucible. After are melting, 
the oxygen and nitrogen contents were 0.002 and 
0.025 pct, respectively. A section of this ingot is 
shown in Fig. 1. By means of a back-reflection Laue 
technique, the crystal habit of the cast ingot was 
determined. As expected, it was found that the [100] 
was approximately the axis of the columnar grains. 
In this respect, chromium behaves like other body- 
centered-cubic metals in that a cubic axis is normal 
to the cold surface of the mold. 


W. H. SMITH is associated with Alloy Studies Research, Research 
Laboratory, General Electric Co., Schenectady. 
TN 272E. Manuscript, Oct. 25, 1954. 


Fig. 1 — Section 
through arc-melted 
chromium ingot is 
shown. 


1064—JOURNAL OF METALS, SEPTEMBER 1955 


A slab cut from this ingot was rolled at 600°C as 
follows: four 30 pct reductions were made with in- 
termediate anneals at 1200°C for 15 min. Rolling 
was done with the [100] of the columnar grains in 
the rolling direction. Following the final anneal, an 
80 pct reduction was taken at 600°C. The final sheet 
thickness was ten mils. By polishing and etching, the 
thickness was reduced to four mils and the grain 
orientation determined by the transmission Laue 
method using molybdenum radiation with a zir- 
conium filter. Fig. 2 is the (110) pole figure for this 
material with the ideal (100)[011] and (111)[112] 
orientations indicated. The orientation is typical of 
most cold rolled body-centered-cubie metals having 
the [110] of the grains approximately in the rolling 
direction and the (100) planes approximately in the 
plane of the rolled sheet. There is also evidence of 
some (110)[112] orientation. 

The grain orientation of sheet rolled 40 and 80 pct 
in the same direction as before at 600°C followed by 
recrystallization at 1200°C for 15 min was deter- 
mined by a back-reflection Laue technique. A ran- 
dom texture was found in both cases. This 1200°C 
15 min anneal was found to give complete recrystal- 
lization and some grain growth. 


Uy 


Fig. 2—(110) 
pole figure is 
for chromium 
reduced 80 pct 
at 600°C. 
Ideal orienta- 
tions are indi- | 
cated as fol- 7 
lows: square, 
(100) [011] 


and triangle, 


(111) [112]. 
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Establishing Soaking Pit Schedules from Mill Loads 


by R. D. Hindson and J. Sibakin 


In order to devise a practicable soaking pit schedule for use at The Steel Co. of 
Canada Ltd.’s Hamilton Works, soaking pit heating temperatures, soaking times, 
pit capacity, and safe maximum mill drafts were correlated with fluctuations in the 
current or load of the bloom mill driving motor. Other variables such as total delays 
in the pit, rolling schedules, mill delays, and track times were also investigated. 


i order to show an easily applied and accurate 
means of establishing soaking pit heating tem- 
peratures, soaking times, pit capacity, and safe max- 
imum mill drafts, these various factors are corre- 
lated herein with fluctuations in the current or load 
of the bloom mill driving motor. 

Rolling practices have a considerable influence on 
the production capacity of a blooming mill. The 
maximum values of the torque, in particular, are of 
importance, since even instantaneous current peaks 
lead to the tripping of the motor by the overload 
relay and result in loss of mill time. The establish- 
ment of safe maximum drafts and accelerations for 
ingots of different sizes and of a soaking pit practice 
which would ensure a consistent and satisfactory 
plasticity of the metal is of considerable importance 
for increasing the efficiency of both the blooming 
mill and the soaking pits. 

The Bloom Mill Dept. of the Hamilton Works, The 
Steel Co. of Canada Ltd., is equipped with one 44 in. 
mill driven by a 7000 hp motor with the setting of 
the overload relay at 22.0 ka. The speed of rotation 
of the motor is regulated after the Ward-Leonard 
system. There are three basic speeds of 9.5, 28, and 
47 rpm and a further possibility of increasing the 
speed by weakening the field. This last possibility 
is hardly ever used during practical operations. The 
rolling program of the blooming mill is varied, both 
in the size of the ingots to be handled and in the 
steel grades. The total tonnage handled by the mill 
is about 2,000,000 ingot tons per year. 

At the time of the investigation, the Bloom Mill 
Dept. was equipped with 22 soaking pits (6 regen- 
erative, 14 bottom-fired, and 2 one-way top-fired 
pits) with a total bottom area of 2770 sq ft. The 
pits are fired with a blast furnace-coke oven gas 
mixture having a calorific value of 155 Btu per cu ft. 

The foregoing figures show that the production 
program was such as to impose the necessity of a 
most efficient usage of the available equipment. For 
this purpose, the operations of the 44 in. mill and of 
the soaking pits were investigated, and the results 
of the investigation were used as a basis for a re- 
vised soaking pit schedule and drafting practice. 

The plasticity of an ingot of a certain chemical 
composition when being rolled is determined main- 
ly by the following factors: 1—the ingot size, both 


R. D. HINDSON, Associate Member AIME, and J. SIBAKIN are 
Works Metallurgist and Metallurgist, Research and Development, 
respectively, The Steel Co. of Canada Ltd., Hamilton, Ont., Canada. 

Discussion of this paper, TP 4109C, may be sent, 2 copies, to 
AIME by Dec. 1, 1955. Manuscript, Feb. 10, 1955. Chicago Meet- 
ing, February 1955. 
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thickness and width; 2—the length of the gas soak; 
and 3—the surface temperature. The first two fac- 
tors determine the uniformity of the temperature 
distribution over the cross-section of an ingot. The 
third factor introduces the level of the heating of 
an ingot. 

The torque produced by an ingot being rolled is 
determined by the area of the metal displaced, its 
plasticity, and acceleration values. On the other 
hand, with shunt motors the torque is determined 
by the current. This can be assumed to be correct 
with only a small degree of error for compound 
motors with a relatively small effect of the series 
windings as long as the velocity is not regulated by 
weakening the field. Since the spread is relatively 
unimportant when compared to the width of an in- 
got and since it is also reduced several times during 
rolling by edging passes, the draft alone and not the 
area of the metal displaced may be taken into con- 
sideration with ingots of a similar size. 

It is therefore possible to determine the main fea- 
tures of the heating and drafting of an ingot by 
measuring the current and acceleration of the mill 
motor. After the acceleration has been taken into 
account, the amount of current will be an indication 
of how the motor responds to a heating and/or 
drafting practice and these practices can be adjusted 
in order to get the desired result. 

As peak currents are more likely when heavier 
ingots are rolled, the rolling of plate and slab ingots 
was investigated. Conditions prevailing when 
smaller ingots are rolled can be deduced from the 
results obtained on heavier ingots. All measure- 
ments were made when plain carbon grades under 
0.15 pet C were rolled. 

The motor current, the voltage across the arma- 
ture, and the rpm were recorded simultaneously on 
synchronized charts, Fig. 1, which moved with the 
speed of 6 in. per min. Each draft was recorded by 
a special observer. 

The rpm curve made it possible to establish the 
acceleration at any given moment. For purposes of 
correlation, the maximum current during a pass and 
the corresponding acceleration were used. The 
charts made it possible to establish the position of 
the roller’s lever at any given moment as well as the 
total time of a pass. 

The slab ingots were divided into three groups 
(28x35, 28x45, and 2742x53 in. ingots) and each 
group was investigated separately. Since they ac- 
count for most of the current peaks, only flat passes 
were used for purposes of correlation, a total of 1373 
having been investigated. 
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Fig. 1—Motor current, the volt- 


age across the armature, and the 


rpm were recorded simultaneously 


on these synchronized charts. 


The charts were moved at a speed 


of 6 in. per min and each draft 


was recorded by a special observer. 


=== 
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The data were treated on the basis of multiple 
correlations. The current drawn by the motor was 
found to be almost independent of the velocity of 
rotation, as should have been expected. The influ- 
ence of the acceleration while rolling under practi- 
cal conditions was established and eliminated in 
cases when its magnitude was above the practical 
figure that corresponded to a normal rolling practice. 
As a result, the current could have been considered 
as a measure of only the drafts and properties of the 
ingot to a considerable extent. Thus, the experiment 
was held on a normal practical level and can be con- 
sidered as representative of average conditions. 

By using the same technique, the influence of the 
acceleration can be removed completely and prac- 
tical conditions simulated by assuming a certain ad- 
missible value of the acceleration. 

The surface temperature of the ingots was estab- 
lished experimentally and changes with the carbon 
content of the steel, roughly following the pattern of 
the solidus line of the Fe-C diagram. It is 2325° to 
2350°F for carbon contents of up to 0.15 pct. This 
is the temperature of the waste gases as measured 
by a thermocouple in the outlet, 6 in. from the face 
of the wall in the three or four bottom corners of a 
pit. This figure is not necessarily the true tempera- 
ture of the ingot surface but has a reliable relative 
value when all measurements are done in the same 
way. This temperature is obviously dependent on 
the way and place where it is measured and its abso- 
lute value may not be the same with different plants 
and pits. 

The influence of the soaking temperature was in- 
vestigated on well soaked 28x45 in. ingots (at least 
2 and up to 3% hr gas soak) within a range of 2340° 
to 2370°F. No increase in the plasticity of the 
metal when the temperature was raised from 2340° 
to 2370°F was detected. Although the temperature 
range was quite narrow, a change in plasticity at 
this temperature level will probably be noticeable 
only if the temperature is lowered by at least 50°F. 
The plasticity, however, becomes more sensitive to 
temperature changes at lower levels. Thus a soak- 
ing temperature of 2325° to 2350°F for low carbon 
grades is sufficient and a further increase does not 
lead to a reduction of the mill motor current at 
similar drafts. 

The influence of the gas soak, 1.e., time at tem- 
perature, on the mill motor current was investigated 
on ingots of different sizes which were soaked with- 
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in the required temperature range of 2325° to 
2350°F. The length of the gas soak was varied be- 
tween 40 and 220 min and the greater majority of 
the ingots had a track time of 2 to 6 hr. The drafts 
were correlated with the maximum current during 
a pass after the extreme values of acceleration were 
eliminated. The ingots were divided into groups 
with similar gas soaks (within 10 min) and each 
group was treated separately. 

The result of such a correlation for 2712x53 in. 
ingots is shown in Fig. 2. 

The two lower lines are relatively quite close to 
each other, the difference being within the limit of 
an experimental error, and can be combined. This 
means that there is no change in the plasticity of an 
ingot of this size under practice conditions when the 
length of gas soak is increased from 95 to 160 min. 

Fig. 3 shows the relative position of the lines re- 
lating the drafts with the maximum mill motor cur- 
rent after the lines for 95 and 160 min gas soak had 
been combined. Both figures indicate that a gas soak 
of 90 min should be selected for 2742x583 in. ingots. 

The same correlations for different lengths of gas 
soak were made for 28x35 and 28x45 in. ingots. All 
other conditions being approximately equal, a gas 
soak of about 50 min when compared with longer 
soaking times has shown no change for 28x35 in. 
ingots and the beginning of a tendency for stiffening 
for 28x45 in. ingots. As was shown before, 27142x53 


Maximu: 


current, kiloamps. 
23 =| 90% of jall passes 
soak. 

| 

=| 

soak: 
— 
7 
IS 
18 20 22 24 26 28 drafts in I6ths of an inch. 


Fig. 2—Influence of the gas soak, i.e., time at temperature, 
on the mill motor current was investigated for 27/2x53 in. 
ingots. The ingots were soaked within the required tempera- 
ture range of 2325° to 2350°F. The gas soak was varied in 
length from 40 to 220 min and the drafts were correlated 
with the maximum current during a pass after the extreme 
values of acceleration were eliminated. 
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in. ingots had under those conditions a rather pro- 
nounced tendency for stiffening. It follows that a 
satisfactory degree of plasticity will be obtained 
after the following minimum gas soak: 45 min for 
28x35 in. ingots, 60 min for 28x45 in. ingots, and 
90 min for 2712x53 in. ingots. 

The lines on Figs. 2 and 3 are drawn through the 
average values of the current for each draft and the 
variance is distributed equally on both sides of the 
lines. The value of the standard deviation of the 
current when combined with the average lines as 
shown on Figs. 2 and 3 allows establishment of a 
draft at which the maximum allowable current 
(corresponding to the setting of the overload relay) 
will be exceeded in only a certain definite number 
of cases. This level of safety was selected to be 10 
pet, and the corresponding draft is the maximum 
safe draft at which the maximum current of 22.0 
ka will be exceeded in not more than 10 pct of all 
cases. 

These maximum safe drafts were found to be: 
1 7/16 in. for 27144x53 in. ingots, 156 in. for 28x45 
in. ingots, and 2 in. for 28x35 in. ingots. 

As the levels of probability were established with 
only the extreme cases of acceleration excluded, 
they are representative of normal practice without 
restrictions. The maximum draft can be further in- 
creased within the same safety limit if high acceler- 
ation figures during rolling are avoided. The prac- 
tical figures for the percentage of all flat passes 
which required a current of 22.0 ka (or 23.0) and 
over at different drafts were tabulated as a check 
and the resulting curve for 28x45 in. ingots is shown 
in Fig. 4. The frequency distribution based on prac- 
tical figures shows that at the suggested maximum 
safe draft the magnitude of the current is well with- 
in the selected safety limit. 

In order to check the influence of the drafting 
practice on the rolling time of an ingot down to the 
same slab size, the overall rolling time was estab- 
lished. Frequency distributions of drafts for all in- 
gots rolled below and above the average rolling time 
were then drawn. The results for 28x45 in. ingots 
are shown in Fig. 5. The ingots with a short rolling 
time had a considerably more consistent schedule of 
drafts, half of all flat passes lying within % in. from 
the upper safe limit of 1% in. Inconsistent erratic 
drafting resulted in a loss of approximately 0.4 min 
on each ingot. 

Light drafts result in a time loss by increasing the 
number of passes; too heavy drafts result in time 
losses by increasing the number of trippings of the 
motor. The influence of the draft on the time for a 


Maximum 
fcurrent, kiioamps- 


90 % of all passes. 


23 


—{60/- 
21 
_4+195/- 160! sook. 


i9 

17 
1S 
16 18 22 22 24 26 2p, drafts in I6ths of an inch. 


Fig. 3—Lines relating the drafts with the maximum mill motor 
current are shown after lines for 95 and 160 min gas soak 
had been combined; see Fig. 2. Data shown are for 2712x53 
in. ingots. Selection of a 90 min gas soak is indicated. 
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Fig. 4—Practical figures for the percentage of all flat passes 
which required a current of 22.0 or 23.0 ka and over at dif- 
ferent drafts were tabulated and the resulting curve for 
28x45 in. ingots is shown. The solid line represents a current 
of >22.0 ka and the broken line that of >23.0 ka. 
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Fig. 5—The influence 


of the drafting prac- 
tice on the rolling 4 A 
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flat pass is shown in Fig. 6 and supports the fore- 
going statement. 

Thus a consistent drafting practice at or about the 
upper safe limit for a draft with a minimum accel- 
eration with steel between the rolls (higher speed 
of entry) is conducive to a high production level. 
The upper safe limit of a draft on a flat pass may be 
increased if acceleration with steel between the rolls 
is avoided or if the overload relay is set on a higher 
peak current. 

It would appear from the foregoing that some type 
of measuring instrument to record the drafts taken 


time, 


Ww 


| 


22 24 3 32 drafts in I6ths of an inch. 


Fig. 6—Influence of the drafts on the time for a flat pass is 
shown for 28x45 in. ingots. The curve supports the conten- 
tion that light drafts result in a time loss by increasing the 
number of passes. Conversely, too heavy drafts result in 
time losses by increasing the number of trippings of the motor. 
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on each pass would be desirable. A draft recorder 
has been designed by the Electrical Dept. for this 
purpose. It utilizes a Sanborn recorder working with 
four charts and is designed to measure the opening 
between the rolls, the actual draft taken, and the 
mill motor current. The fourth chart can be used to 
measure the rpm of the mill motor if required. A 
timing pen which marks each second on the chart 
allows the accurate establishment of the rolling time 
for each pass and each ingot. 

The advantages of such a draft recorder should be 
readily apparent. It will provide closer control of 
rolling practices, allow a more accurate establish- 
ment of drafting schedules, and enable more exact 
measurements to be taken for experimental work. 
The first two advantages mentioned should also re- 
sult in an increased production rate in the mill. 


Table I. Number of Ingots Charged into Bottom-Fired Amco Pit 


Type of Ingot No. of Ingots Charged 


22x24 16 


23x25 12 
24x26 12 
28x35 8 
28x39 8 
28x45 6 
28x48 6 
27 42x53 6 
26x53 6 


The soaking pit schedule should be developed in 
such a way that the time soak (the minimum time 
in pits) would include the length of the gas soak 
required for a satisfactory plasticity of the ingot at 
the required temperature. A specified time soak in 
addition to a gas soak is necessary to cover abnormal 
eases such as failure of recording equipment, pre- 
vention of rolling green steel, etc. 

As heating conditions may be different for differ- 
ent pit constructions, bottom-fired, top-fired, and 
regenerative pits were investigated separately. The 
conditions and results of the investigation for bot- 
tom-fired pits will be discussed in detail as repre- 
sentative of the investigation technique in all cases. 

Since reliable information on temperature and 
start and finish gas soak was of considerable impor- 
tance, the instrumentation of the pits was inspected 
first and all defects were eliminated. Pits that were 
unquestionably satisfactory as to the uniformity of 
the heating, quality of the gas soak, and its deter- 
mination were used for collecting experimental 
data. 

The charges were subdivided into four groups 
according to the size of the ingots: 1—small ingots: 


heating time, 
minutes. 
8320 T 
39°- 8 ingots 
P40 6 ingots. 
| 26"- 
| 14 ingots 
L28%45% 2848" 6lingots. 
200 
| 
| 
160 T 
| 
| 
| 
120 | 
pour -finish charge -mins. 
20 160 200 240 280 320 360 


Fig. 7—Heating time was correlated with start pour-to-finish 
charge time for charges made in Amsler-Morton (bottom- 
fired) pits with standard numbers of ingots. 
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22x24, 23x25, 24x26 in.; 2—small slab ingots: 28x35 
in.: 3—medium slab ingots: 28x45 in., and 4—heavy 
slab ingots: 26x53 and 2712x532 in. 

Each group was treated separately and the simi- 
larity of the ingot sizes in each group justified the 
assumption that the heating process within each 
group is practically similar. 

The heating time (time from finish charge to start 
gas soak) was correlated with the number of ingots 
charged, the start pour-to-finish charge time, and 
the temperature of the gas soak for each ingot size 
group separately. The consideration of the heating 
time and not of the total time makes the problem 
independent of the length of the gas soak, which is 
different for the various ingot sizes. 

The problem was treated as a multiple correla- 
tion, curvilinear for the start pour-to-finish charge 
time in order to bring this most important factor as 
close as possible to practical conditions. The influ- 
ence of the different factors on the heating time was 
separated and the results correlated for a charge of 
a certain weight or number of ingots and a tempera- 
ture of 2325° to 2350°F. 

It has been established in practice that, allowing 
for a normal distribution of ingots in the pit and the 
possibility of handling them with a crane, the num- 
ber of ingots given in Table I can be charged into 
the bottom-fired Amco pit with an available hearth 
area of 142.5 sq ft and a burner 5 ft diam. 

It was not possible to find a significant difference 
in temperature in the corners of the pit for charges 
which had 10 to 16 small ingots. The percentage of 
the bottom area of the pit covered by the charge 
is around 40 in all cases. This seems to indicate that 
these charges are at their best values and can be 
heated up quite satisfactorily. For purposes of cal- 
culation, the number of small ingots in a charge has 
been assumed to be 14, the average between 12 
and 16. 


Table Il. Relationship for Estimating Time Soak as Applied to 
Charges Heated in Amco Pits in June 1953, Percentage of All 
Charges Covered 


Type of Ingots, In. Pet of All Charges Covered 


22x24, 23x25, 24x26 81.7 
28x35, 28x39 85.1 
28x45, 28x48 87.1 
26x53, 2742x53 79.9 


The relationship between the heating time and 
the start pour-to-finish charge time for the standard 
charges was established first, Fig. 7. The minimum 
length of the gas soak has been established in the 
earlier section of*this paper. The time soak (mini- 
mum time in pits) will be obtained when the length 
of the gas soak is added to the heating time. The 
resulting relationship between the start pour-to- 
finish charge time and the time soak for different 
ingot sizes is shown in Fig. 8. The relative position 
of the lines allows an estimation of the time soak 
in a similar way for ingots of all sizes. The suggested 
relationship is valid for all cases. The slope of the 
suggested line as shown in Fig. 8 is not the best 
possible fit to the practical lines but the best fit of 
a simple expression for the suggested relationship 
to practical conditions. The suggested relationship 
can be expressed in the following way: the time 
soak is equal to half the start pour-to-finish charge 
time plus 2 hr. 

When the suggested relationship for estimating 
the time soak was applied to all charges heated in 
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bottom-fired Amco pits:in June 1953, the percent- 
age of all charges covered by it was as is shown in 
Table II. 

Table II indicates that the relationship between 
time soak and start pour-to-finish charge time as 
suggested in its simple form is satisfactory from the 
practical point of view, but the relationship does 
not cover the extreme cases which are due to some 
abnormalities in heating or pit conditions and which 
cannot be normally anticipated. When only extreme 
cases are taken into consideration (allowing for a 
reasonable inaccuracy in the time reported by the 
heater and observer of about 5 min), the percentage 
of all charges covered will be at least 90. 

The relationship “half start pour-to-finish charge 
time plus 2 hr’ for the normal standard charges 
(Table I) and highest temperature range of 2325° 
to 2350°F covers almost all practical conditions. 

As the time soak includes the normally required 
gas soak in 80 to 90 pct of all cases, there will be 
some charges when the gas soak will not be com- 
pleted within the estimated minimum time soak. 
In order to ensure the readiness of the steel for roll- 
ing, a pit should be drawn only when both the con- 
ditions of a minimum time soak and minimum 
required gas soak are fulfilled. 

The same reasoning and experimental technique 
were applied to the top-fired and regenerative pits 
and resulted in the relationship between the time 
soak and transfer time as shown in Table III. The 
suggested time soak includes the normally required 
gas soak in 80 to 90 pct of all cases. The relationship 
is simple, uniform for pits of different construction, 
and brings the soaking pit schedule on a more real- 
istic basis. 

The minimum time soak becomes a measure of 
the heating ability of different pits and can be used 
for the estimation of the pit capacity. 

The time soak as established previously is the 
minimum time from finish charge to start draw. 
The time from start draw to finish charge is part 
of one full heating cycle and is dependent on the 
mechanical equipment of the shop, location of the 
pit relative to the mill, size of ingots, etc. It has to 
be established experimentally for each particular 
shop. In this case it was established to be 1 hr for 
the regenerative and bottom-fired pits and 1% hr 
for the top-fired pits. 


Table III. Relationship Between the Time Soak and Transfer Time 
for Top-Fired, Amco, and Regenerative Pits 


Type of Pits Minimum Soak Time 


Half start pour-to-finish charge time + 2 hr 
Half start pour-to-finish charge time + 2% hr 
Half start pour-to-finish charge time + 3 hr 


Amco, bottom-fired 
Regenerative 
One-way top-fired 


The estimation of the pit capacity for bottom- 
fired pits only will be discussed in detail, since it 
is representative of the technique used for other 
pits. The minimum possible time of one full heating 
cycle for bottom-fired pits under conditions pre- 
vailing’ in the plant will be equal to time soak plus 
1 hr. This figure is not applicable to each individual 
charge but is valid on a long term basis. The num- 
ber of charges per day and per pit and the turnover 
of a charge (hours per charge) under this condition 
are shown in Table IV. 

The figures in Table IV represent the maximum 
theoretical pit capacity when there are no delays 
whatsoever. These figures can never be attained in 
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practice and indicate only the ultimate capacity of 
a pit. However, these figures permit assessment of 
the influence of different delays on the pit capacity 
independently from other variables. 

In order to arrive at practically attainable capacity 
figures, various delays in the operations of a pit 
have to be estimated. One of the unavoidable delays 
is the time when the pit is down for repairs. The 
time loss involved (including cooling, etc.) can be 
assumed to be 5 pct of the total time. This figure 
has been established over a period of several months 
for all pits. This delay is close to constant and can- 
not be changed considerably. 

The second source of unavoidable delays is the 
time lost as a result of holding a charge in the pit 
over the time when it is ready to draw. These delays 
are due to several factors such as: 1—mill down for 
repairs, 2—mill not prepared or unable to roll a 
charge which is otherwise ready, 3—several pits be- 
ing ready simultaneously, or 4—the rolling schedule 
not being sufficiently adapted to the soaking pit 
time table, etc. Although it is absolutely impossible 
to avoid these delays altogether, it may be possible 
to decrease them by a certain reasonable figure. 


Table IY. Minimum Time of One Full Heating Cycle for 
Bottom-Fired Pits 


Start Pour-to-Finish Hr per No. of Charges 
Charge Time, Min Charge per Day 
120 4.00 6.00 
150 4.25 5.65 
180 4.50 5.33 
210 4.75 5.05 
240 5.00 4.80 
270 5.25 4.57 
300 5.50 4.36 
330 4.17 
360 6.00 4.00 


In order to assess the magnitude of this delay, the 
time over finish gas and time soak for each charge 
and pit for the period of 56 consecutive days was 
established and an average per month and pit cal- 
culated. The average total delays in pits over time 
ready for bottom-fired pits under practical condi- 
tions were found to be 160 hr per month per pit. 

This figure is equal to all the delays of charges 
in a pit and is representative of normal practice. 
It is obviously impossible to eliminate it altogether, 
but a reduction of 20 to 30 hr might be possible. The 
figure in itself is an indicator for the efficiency of 
the usage of the pit time for pits of similar construc- 


/ | former relationship 
minimum / {for time in pits. 
time in pits 
=minutes. 
2675312 6 ingots. 
ye suggested time in pits. 
6 ingots. 
Z — 14 ingots. 
LEA 
240 7 
(200 Z 
160 
120 
start pour-finish charge—minutes. 
120 160 299 24 280 


Fig. 8—To the data of Fig. 7 was added the length of the 
gas soak in order to obtain the time soak (minimum time in 
pits). Again, charges were made in Amsler-Morton (bottom- 
fired) pits with standard numbers of ingots. 
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Fig. 9—Influence of start pour-to-finish charge and track 
times on the capacity of a pit under actual conditions was 
plotted for charges made in Amsler-Morton (bottom-fired) pits. 
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Fig. 10—Influence of delays on the capacity of a pit under 
actual conditions with a track time of 3 hr was determined 
for charges made in Amsler-Morton (bottom-fired) pits. 
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Fig. 11—Influence of start pour-to-finish charge and track 
times on the capacity of a pit under actual conditions was 
plotted for Nos. 23 and 24 one-way top-fired pits. 


tion and can be used for assessing the influence of 
delays in the mill on the pit capacity. 

Assuming a start pour-to-finish charge time of 
3% hr (conditions of June 1953), a corresponding 
turnover of 4%4 hr can be taken from Table IV. 
Hence the number of charges per day per pit will 
be equal to: 720-36-160/43%4x30 = 3.68 and the 
turnover of a charge: 24/3.68 = 6.52 hr. The nu- 
merator of the first fraction is the time available for 
straight heating cycles during one month and the 
denominator contains the turnover of a charge at 
a given transfer time with no delays. The figures in 
the numerator bring the problem to normal prac- 
tical conditions and the fraction allows establish- 
ment of the influence of the transfer time and delays 
on the pit capacity separately. 
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Fig. 12—Influence of delays on the capacity of a pit under 
actual conditions with a track time of 3 hr was determined for 
Nos. 23 and 24 one-way top-fired pits. 


Table V. Pit Capacities of Bottom-Fired, Top-Fired, and 
Regenerative Pits 


Bottom-Fired Top-Fired Regenerative 
it Pit Pit 
Charges Turn- Charges Turn- Charges Turn- 
Per over Per over Per over 
Day Hr Day Hr Day Hr 
Start pour- 
to-finish 
charge time, 
min, 120 4.37 5.49 3.58 6.70 3.82 6.28 
150 4.11 5.84 3.42 7.02 3.63 6.61 
180 3.88 6.18 3.27 7.34 3.45 6.96 
210 3.68 6.52 3.13 7.67 3.30 20 
240 3.49 6.88 3.01 7.97 3.5 7.62 
270 3.33 7.21 2.89 8.30 3.02 7.95 
300 3.18 7.55 2.79 8.60 2.90 8.28 
330 3.04 7.89 2.69 8.92 2.79 8.60 
360 2.91 8.25 2.59 9.27 2.69 8.92 
Delays per month 
per pit, hr* 
190 3.47 6.92 — 
180 3.54 6.78 — 
170 3.61 6.65 — — 3.12 7.69 
160 3.68 6.52 — — 3.18 7:65 
150 3.75 6.40 2.97 8.08 3.24 7.41 
140 3.82 6.28 3.02 7.95 3.30 C20 
130 3.89 6.17 3.08 7.79 3.36 7.16 
120 3.96 6.06 3.13 7.67 3.42 7.02 
110 4.03 5.96 3.19 7.52 3.48 6.90 
100 — _ 3.24 7.41 3.54 6.78 
90 — — 3.30 727 3.60 6.67 
80 — 3.36 7.14 — 
70 3.41 7.04 — 


* Figures in this half of the table were obtained at a constant 
transfer time of 3% hr. 
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Fig. 13—Influence of start pour-to-finish charge and track 
times on the capacity of a pit under actual conditions was 
plotted for Nos. 3 through 8 regenerative pits. 


The actual figures for the period from May 26 
through June 30, 1953 were: total pit time for 14 
pits, 24x36x14 = 12,096 hr; total number of charges 
heated, 1,854; turnover of a charge, 12,096/1,854 = 
6.52 hr; and number of charges per day per pit, 
24/6.52 = 3.68. 

The coincidence of practical and estimated figures 
obtained for similar conditions (transfer time, de- 
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I. Heating Ranges—All Steels to be Heated With- 
out Washing at Specified Temperatures 


1. Amcos and Old Pits Less Sulphur Grades 


C, Pct Ranges, °F 
0 to 15 2325 to 2350 
16 to 30 2300 to 2325 
31 to 50 2275 to 2300 
51 to 80 2250 to 2275 
81 plus 2225 to 2250 


2. Sulphur Grades 
Add 25° to the ranges given under No. 1. 


iI. Time Soak and Minimum Time in Pits—For 
Additional Information, see Grade Book and 
Special Memoranda 


Pit Type Time Soak* 


Bottom-fired 
Regenerative 
Top-fired 


SP-to-FC; + 2 hr 
Yo SP-to-FC} + 2% hr 
¥ SP-to-FC} + 3 hr 


*1—To avoid green steel for short track times, minimum 
time soak must be 2% hr for small ingots and 3% hr for slab 
ingots. 

2—If start pour-to-finish charge time is over 6 hr, use the 
specified gas soak schedule only. 

+ SP-to-FC represents start pour-to-finish charge time. 


Table VI. Soaking Pit Schedule Adopted on the Basis of Experimental Results 


II. Gas Soak 
Size of Ingot Gas Soak, Min* 
22x24 BEU 45 
23x25 BED 45 
28x35 BED 45 
28x45 BED 60 
26x53 BED 90 
All KHT slabs 120 


* 1—When start pour-to-finish charge time is over 6 hr, add 
15 min to the times given. 


2—For regenerative and top-fired pits, add 15 min to the 
times given. 


IV. Cooling Data—See Grade Book or Special List 
for Grades Requiring Cooling 


Pit Tempera- 


SP-to-FC,* ture at Charge, Maximum Tempera- 
Hr oF ture in 2 Hr, °F 

3 to3% 1800 2100 

3% to4 1700 2000 

tors: 1600 1900 

tor6 1500 1800 

6 to8 1300 1600 

8 to12 Black walls Gas not to exceed 


600 cfm for 1 hr, then 
gradually increased 

Shut down for 45 min, 
then follow temperatures 
for 8 to 12 hr SP-to-FC 


12 and over Black walls 


* SP-to-FC represents start pour-to-finish charge time. 


lays) seems to indicate that all constants were 
established correctly and that the suggested ap- 
proach can be used for the estimation of the influ- 
ence of the transfer time and mill delays separately 
on the pit capacity under practical conditions. 

The influence of the start pour-to-finish charge 
time and of the delays on the pit capacity is shown 
in Figs. 9 and 10. The figures of the graphs were 
calculated on the basis of the start pour-to-finish 
charge time. In order to switch to track time, it 
can be assumed that it is 30 min shorter for the 
Hamilton Works’ conditions of operation. 

The pit capacities of one-way top-fired and re- 
generative pits were estimated in the same way and 
the results obtained, which check closely with prac- 
tical figures, are shown in Table V. 

All figures in the second half of Table V were 
obtained at a constant transfer time of 3% hr. The 
same relationships are shown in Figs. 11 through 14 
in graphical form. 

Using the tables or graphs, the capacity of one 
pit for different time periods as influenced by the 
track time and/or mill delays can be estimated. The 
influence of both variables is cumulative and can 
be summed when both undergo changes simul- 
taneously. Their relative importance can be com- 
pared. The values obtained are close approxima- 
tions to different practical conditions but should be 
considered as applicable to an average pit on a long 
term basis. 

The figures for the number of charges per day 
per pit ¢an be used as a basis for the assessment 
of the pit production capacity in tons. The average 
weight of a charge under normal operating condi- 
tions during the experimental period should be 
established for this purpose. The number of charges 
per day is to a certain degree independent of the 
average charge weight. The soaking pit schedule 
based on the results obtained is now in use and is 
shown in Table VI. 
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Fig. 14—Influence of delays on the capacity of a pit under 
actual conditions with a track time of 3 hr was determined 
for Nos. 3 through 8 regenerative pits. 


Conclusions 

The current of the bloom mill driving motor is 
affected mainly by the size of the draft. The accel- 
eration of the motor within its usual limits when 
steel is between the rolls also influences the current 
but to a smaller extent. 

A change of the temperature of the pits at the 
investigated level (2350°F) will probably be of 
influence only when it is at least 50°F. 

The following minimum time for gas soak for a 
normally operating pit will ensure a consistent and 
satisfactory plasticity for rolling: for 28x35 in. 
ingots, 45 min; for 28x45 in. ingots, 60 min; and 
for 2712x53 in. ingots, 90 min. 

Unnecessary standing of ingots on the line or in 
the buggy before rolling should be avoided, since 
even an additional 1 to 2 min above the average 
time has a tendency to decrease the overall plasticity 
of the ingot between the rolls. 

The maximum safe drafts for the authors’ condi- 
tions (7000 hp motor, 22.0 ka maximum) are: 
2 in. for 28x35 in. ingots, 154 in. for 28x45 in. ingots, 
and 1 7/16 in. for 2714x53 in. ingots. The upper safe 
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limit for a draft may be pushed up if unnecessary 
acceleration of the motor with steel between the 
rolls is avoided. Consistent drafting at the safe 
maximum limit is conducive to increased produc- 
tion rates. 

The use of a drafting recorder has been suggested 
and should result in closer control of rolling prac- 
tice and a more accurate establishment of drafting 
schedules which, in turn, could be expected to in- 
crease the production of the mill. The recorder will 
measure the mill opening, actual draft taken, and 
the mill motor current. 

The rolling should be carried out at maximum 
speed, but minimum acceleration when steel is be- 
tween the rolls should be avoided. A speed at biting 
rather close to the final speed of rolling will elim- 
inate high values for acceleration at full load. 

The thermocouple readings on the Amco pits are 
good indicators of the condition of the steel in the 
pits. Except in abnormal cases, their readings can 
be of considerable help to the pit personnel. Correct 
interpretation of the readings for different types of 
operation (pit shut-down, etc.) is required. Abnor- 
mal pit conditions, such as hot or cold corners, can 
be detected if thermocouple readings are followed 
systematically and eventually repaired. A graphical 
representation of couple readings before draw for 
one charge per shift and pit is desirable for this 
purpose. The thermocouples and controls require 
systematic attention and should be looked after by 
a repair man who contacts the heating foreman. 

The minimum time soak for a gaseous fuel with 
155 Btu per cu ft can be related to the transfer time 
as follows: for bottom-fired Amco pits, half start 
pour-to-finish charge time plus 2 hr; for one-way 
top-fired pits, half start pour-to-finish charge time 
plus 3 hr; and for regenerative pits, half start pour- 
to-finish charge time plus 234 hr. The suggested 
time soak can be applied to ingots of all sizes due 
to the peculiarity of heat losses and later reheating. 

As the time soak, which includes the required gas 
soak, covers only 80 to 90 pct of all cases, there will 
be a few charges when the gas soak will not be 
completed within the required time soak. There- 
fore, a pit should be drawn only when both a mini- 
mum time soak and gas soak requirements are met. 

The suggested time soak is the minimum time in 
pits necessary to meet the requirements of a satis- 
factory plasticity of an ingot for a normal practice 
and a 6-1 gas mixture. It can be used as a base for 
the estimation of the capacity of a pit. As the mini- 
mum time soak does not cover any delays in the 
pit, including the holding of a charge in the pit over 
finish soak for some unavoidable reason, the delays 


have to be estimated on the basis of an average 
practice. 

The figure for the total delays in the pit is of 
considerable magnitude, but it is absolutely im- 
possible to eliminate it completely. It can be re- 
duced by avoiding mill delays and adapting the 
rolling schedule (drawing of pits) as far as possible 
to the pit schedule (time when pits will be ready 
for draw). The estimation of the time soak adapted 
to different pit constructions should give the mill 
foreman a better overall picture of when the pits 
are ready to roll. 

The influence of the track time and delays on the 
production capacity of the pits was determined by 
each variable separately and their influence was 
found to be cumulative. The information can be used 
for future estimations of economic considerations. 

The production capacity of different pit types in 
tons can be determined on the basis of the weights 
of an average charge. The correspondence between 
calculated and practical figures was good. 

Pit capacity estimations are valid on a long term 
basis of at least one month. 

All figures obtained for the pits are valid for a 
fuel of 155 Btu per cu ft. Should the calorific value 
of the fuel be different, the figures would have to 
be adjusted to the new heating conditions although 
the general trends would remain the same. 

The practice of heating pits that are not fully 
charged up to the practically established standard 
(about 40 pct of the bottom surface covered by the 
charge) should be avoided, since it affects the pro- 
duction detrimentally. Overcharged pits should be 
avoided for the same reason and also for quality 
considerations. 

This investigation confirmed a previous decision 
to purchase four new bottom-fired pits to handle a 
maximum tonnage of 2.2 million tons per year. 
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issue: experimental work on the development 
of gas turbine engines in the automobile indus- 
try has emphasized the need for a relatively low 
cost nonstrategic castable alloy for service in the 
1200° to 1400°F temperature range. Ferritic steels 
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of the 12 pct Cr type are inadequate for service 
above 1100°F. Cobalt and nickel-base alloys, such 
as Haynes 31 and General Motors GMR-235, are 
excellent castable high temperature alloys but are 
costly and strategic in nature for large scale mass- 
produced applications. 

A long range program is currently being con- 
ducted at the Scientific Laboratory of the Ford 
Motor Co. for development of heat-resistant mate- 
rials of low strategic index. As a result of this pro- 
gram, a wrought nickel-free Cr-Mn austenitic steel 
has been developed for possible use at moderately 
elevated temperatures. The promising heat-resistant 
behavior of these wrought Cr-Mn-Mo-N steels led 
to an evaluation of their as-cast properties. The 
objective of the cast program was to evolve a cast- 
able Cr-Mn-Mo-N alloy having heat-resistant prop- 
erties equivalent to those of wrought Timken 16-25-6 
in the 1200° to 1400°F temperature range. 

In general, cast austenitic iron-base alloys require 
greater proportions of austenite-forming elements 
than do wrought alloys of the same general com- 
position. For this reason and for maximum reten- 
tion of nitrogen, the manganese content was held to 
within the range of 16 to 18 pet. Adequate oxida- 
tion resistance in these nickel-free steels requires 
14 to 16 pet Cr. The hot strengthening effect of 
nitrogen was aided by the addition of molybdenum. 
A base composition of 16 pct Cr, 18 pct Mn, 2 pct 
Mo, and 0.5 pct N was selected. 

The austenitic structure in iron-base Cr-Mn-Mo-N 
alloys is metastably retained by rapid cooling from 
elevated temperatures. This nonequilibrium phase 
tends to decompose when subjected to the combined 
action of thermal and mechanical forces. The degree 
of austenitic stability in any given environment is 
in turn closely dependent upon the relative propor- 
tion of the a or y-forming elements in the alloy. 
Thus the guiding principle in the alloy chemistry of 
these steels is to achieve the greatest austenitic sta- 
bility over the desired temperature range consistent 
with the hot strength requirements of the particular 
service application. 

The creep-rupture characteristics of the base com- 
position 16 pct Cr, 18 pct Mn, 2 pct Mo, and % pct N 
are shown in Fig. 1, on a Larson-Miller plot, where 
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Fig. 1—Creep-rupture life of the base composition 16 pet Cr- 
18 pct Mn-2 pct Mo-'2 pct N are shown on a Larson-Miller 
plot. 
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Fig. 2—Creep-rupture strength of modified base composition, 
0.25 pct C phosphorus steel, is shown. 


stress for rupture is plotted against a parameter 
involving temperature and time to rupture. For con- 
venience, dotted vertical lines defining the 100 hr 
rupture life at the indicated temperatures are shown. 
Representative values for the normal scatter of 
wrought creep-rupture properties of commercial 
alloy Timken 16-25-6 taken from several sources in 
the published literature are shown as a band super- 
imposed on the Larson-Miller plot. The creep- 
rupture parameters for the as-cast base composi- 
tion, alloy 49 C, are seen to lie well within the 
wrought Timken 16-25-6 band at parameter values 
corresponding to short time rupture tests up to 
1400°F. The test results of the as-cast material are 
almost identical with those obtained on wrought 
material of the same composition. 

To gain the potent hot strengthening character- 
istics of phosphorus and at the same time to offset 
its ferrite-forming tendency, a series of heats con- 
taining both carbon (a strong austenitic former) 
and phosphorus were made. In these alloys carbon 
performs the dual function of hot strengthening and 
stabilizing the austenite matrix. The excellent creep- 
rupture strength of the low carbon (0.25 pct) phos- 
phorus steel, alloy 53, is shown in Fig. 2. Further 
additions of carbon (0.50 pct) decreases the hot 
strength of this steel, alloy 54, although its proper- 
ties are still nearly equivalent to those of wrought 
Timken 16-25-6. Alloys 53 and 54 were tested in 
the solution quenched and aged condition (100 hr 

Several cast austenitic Cr-Mn-Mo-N steels have 
been investigated for possible service in the 1200° 
to 1400°F temperature range. A base composition 
of 16 pct Cr-18 pct Mn-2 pct Mo-% pct N proved to 
have creep-rupture strengths equivalent to wrought 
Timken 16-25-6 in the temperature interval cited 
previously. Several modified alloys containing small 
amounts of carbon and phosphorus exhibited heat- 
resistant properties superior to those of the base 
composition. These high nitrogen steels appear to 
have promise in view of the need for a cast iron- 
base austenitic material of low strategic index cap- 
able of service above the usual operating tempera- 
tures of the best ferritics and below those of the 
so-called superalloys. 
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Fig. 1—Flow diagram of the Orcarb process for agglomerating fine 
ores with low temperature coke shows the pilot operation as it is 
now constituted. 


Agglomerating Fine Sized Ores with 
Low Temperature Coke 


by C. E. Lesher 


Two processes for agglomerating fine sized ores with low temperature coke are 
described. One process (Orcarb) agglomerates ores with limited amounts of carbon; 
the other (ore-carbon pellets) pelletizes fine sized ores, using low temperature cokes 
as the binder. Data are presented on the products obtained when taconite, magne- 
tite, and hematite concentrates and several titanium oxide ores were used. 


EDUCTION of finely divided oxide ores has long 
been a major metallurgical problem. Various 
lomerating, notably briquetting, sin- 
and pelletizing, have been de- 
industrial use. Carbon is the 


agent for oxide ores and attempts 
to agglomerate fine ores with coking 
coal in order to get the metallurgical advantages of 


intimate contact and increased particle sizes suitable 
for subsequent smelting or reduction.** 

For the past three years, research has been in 
progress on two processes for combining fine sized 
ores with reactive carbon in the form of low tem- 
perature coke. By one process, designated Orcarb, 
the ore is coated with coke carbon in amounts lim- 
ited to that required for reduction and the result is 
an appreciable but limited increase in product par- 
ticle size over that of the original ore. The second 
process, called ore-carbon pellets, produces pellets 
of fine ore bound by low temperature coke. 

The first objective was to develop a process for 
combining an oxide ore with only enough carbon 
for reduction, the amount being that derived 
from the simple reduction equations. The carbon 
(that amount theoretically required for the reduc- 
tion of the oxides in an agglomerate with ore), cal- 
culated to CO, ranges from 10 pct for zinc calcines 
or phosphate ores to 21 pct for rutile and 26 pct for 
silica. The carbon required for reducing iron oxides 
falls between the extremes—10 and 26 pct. When 
the carbon in the agglomerate is low temperature 
coke, reduction by hydrogen may be expected to take 
place, thus modifying the calculated carbon require- 


its 
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ment. On the other hand, in practice, an excess of 
reducing agent over that required in theory is nor- 
mally used. 

Screen sizes of three iron ores on which the greater 
part of the experimental work was performed are 
given in Table I. Most of the testing was done with 
Freeport (Renton Mine) coal, but Pittsburgh and 
Elkhorn bed coals were also used. 


Table |. Screen Sizes of Certain Iron Ore Concentrates 


Taconite, Hematite, Magnetite, 
66.3 Pet Fe 60.6 Pct Fe 63.8 Pct Fe 
Cu- 
Cumu- Cumu- mu- 
Screen Size, lative lative lative 
Tyler Mesh Pet Pet Pet Pet Pet Pet 
4x8 0.4 1.9 — — 
8x14 0.05 0.05 0.4 2.3 0.8 0.8 
14x28 0.10 0.15 0.8 3.1 19.8 20.6 
28x48 0.23 0.38 5.8 8.9 32.9 53.5 
48x100 2.22 2.60 24.6 S3:0 24.8 78.3 
100x200 23.40 26.00 23.0 56.5 11.7 90.0 
—200 74.00 43.5 10.0 
100.00 100.0 100.0 


Orcarb Process 

The first objective was to agglomerate the ore 
with sufficient low temperature coke to provide car- 
bon for reduction, i.e., in the range from 10 to 25 
pet. This was accomplished by preheating the ore, 
mixing with pulverized coking coal, and completing 
the coal carbonization in a plain steel rotating retort. 

The pilot retort, as it is now constituted, is shown 
by diagram in Fig. 1 and photograph, Fig. 2. Ore is 
fed into the upper kiln by a screw; it is heated to 
900° to 1100°F by direct flame and it is then dis- 
charged into an insulating hopper from which it goes 
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at a predetermined rate into a mixing conveyer. 
Pulverized coal also goes to the mixing conveyer at 
a measured rate from another hopper. The mixture 
is continuously charged into the lower externally 
heated retort where the operation is completed and 
from which the solid product, Orcarb, as well as tar 
vapor and gas, is continuously withdrawn. The 
process depends upon bringing the fine sized heated 
ore particles into contact with the coking coal in 
such a temperature relationship that the ore is coat- 
ed with low temperature coke before the denser ore 
and lighter weight coal segregate. At first, softened 
bituminous material coats the ore; then the finest 
sized coated particles will be bonded into larger 
aggregates if the bituminous material is more than 
sufficient to coat and impregnate the ore particles. 

Uniformity of product, in both size and analysis, 
depends upon charging the coal into coke while it is 
in contact with the ore. To accomplish this, the 
average temperature of the raw coal and ore in the 
mixer is maintained just below the softening point 
of the coal; the two materials are well mixed and 
charged into the revolving retort where they are 
immediately further heated to complete the car- 
bonization of the coal. 


Table II. Analyses of Orcarb by Size* 


Screen Size Mesh Wt Pct Ignition Loss, Pct 
On Through A B A’ B’ 
6 4.2 5.0 14.7 
10 6 8.3 8.0 18.5 nly 
14 10 8.0 TA 18.2 18.0 
20 14 113 18.4 17.5 
60 20 42.1 45.0 14.7 14.1 
100 60 6.7 6.7 10.7 10.5 
— 100 19.2 14.1 4.8 4.0 
100.0 100.0 

Weighted average, total — 13.5 131 
+60 mesh — — 16.1 15.0 


* Total sample of Orcarb weight 3600 lb. 


In this process, the percentage of ore is decreased 
as the percentage of carbon is increased. This rela- 
tionship is shown in Fig. 3 where the iron percent- 
ages are plotted against the carbon percentages for a 
series of tests on two different iron ores. The per- 
centages of carbon were determined by combustion, 
using the procedure for ultimate analysis of coal 
or coke. 

Size distribution and relative analyses of Orcarb 
made from taconite concentrates are shown in Table 
II. These figures represent the totals obtained from 
the production of 3600 lb +60 mesh Orcarb from 
taconite concentrates. The product that passed the 
60 mesh screen was recycled. Each 100 lb charge 
that was processed contained approximately 17 lb 
coal, 63 lb ore, and 20 lb —60 mesh recycle. Total 
carbon in the product was 13.5 pct. Carbon in the 
+60 mesh product was 15.5 pct. The data in col. A, 
Table II, covers two-thirds of the total production 
and that in B, the final third. The figures designated 
ignition loss are 100 pct less ash for each sample. 
Ignition loss represents an approximation of the car- 
bon and volatile matter in the product. 

Three seties of tests, in which the ratio of coal to 
ore charged was varied, are recorded in Table III. 
As indicated by the data in this table, the granular 
product of the Orcarb process is largely within the 
6x60 mesh range and the amount of carbon in the 
Orcarb may be varied from 10 to 25 pct as desired. 
Of the series 1 (Table III) Orcarb, which contained 
over 21 pct C, 65 wt pct fell in the +20 mesh size, 
and two-thirds of 65 wt pct product was +6 mesh. 
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Table Ill. Screen Sizes and Analyses of Orcarb* 
Size Mesh Series 1 Series 2 Series 3 
Total Carbon, Pct 

+20 25.0 21.0 19.4 

60x20 20.6 16.3 15.8 

—60 8.0 6.5 4.0 

Average 21.7 14.3 11.3 

Total Iron,; Pet 

+20 45.7 47.9 48.1 

60x20 49.5 51.7 53.2 

—60 56.0 58.0 60.0 

Average 48.0 52.6 55.2 

Wt, Pct 

+20 65.0 31.9 19.5 

60x20 16.5 34.6 36.5 

—60 18.5 44.0 
100.0 100.0 100.0 


* Orcarb was produced from taconite concentrates and high vola- 
tile coking coal. 

+ Analyses of a number of samples from these tests gave 14.0 to 
16.0 pct of the total iron as FeO. 


Less than 2 pct of the total weight of the Orcarb in 
series 2 and 3 was +6 mesh. 

The percentage of carbon in the product is limited, 
by certain metallurgical processes, to that required 
for reduction; these processes introduce process heat 
from sources other than by the combustion of carbon 
in the charge. Some examples in which the process 
heat applied is independent of that available in the 
carbon charge are the reduction of zinc oxide in re- 
torts, iron ore in the electric are furnace, and titani- 
um oxide in the chlorination process. Orcarb will 
meet the carbon requirements and, for some uses, 
the size requirements. It will be suitable for use in 
a fluid reactor, but because of the small size of the 
product, it will not be suitable for a fixed bed re- 
actor. Orcarb has been found to be an efficient ma- 
terial for reducing iron in the electric open arc 
furnace. 


Ore-Carbon Pellets 

The next step in the study of agglomerating fine 
sized ores with low temperature coke was to develop 
a process for producing large particle sized aggre- 
gates for use in the fixed bed reactor. Thus, the 
objective became the control of product particle size 
rather than limited carbon content as discussed pre- 
viously. Assuming that more coal would automati- 


Fig. 2—Orcarb pilot plant is used for agglomerating the ore 
with low temperature coke. On the upper right is the ore pre- 
heating kiln; in the center left are the insulated hot ore and 
coal hoppers from which the coal and ore are charged to the 
mixing conyeyer; and on the left is the charge end of the 
externally heated retort. The kiln and hoppers are separately 
mounted on carriages and can be withdrawn so that the interior 
of the retort can be inspected. 
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Fig. 3—In the Orcarb process, the percentage of ore is decreased 
as the percentage of carbon is increased. The graph shows this rela- 
tionship for two ores, taconite and magnetite concentrates, and 
coking coal. 


cally create larger product, tests were made with 
the same ores, coal, and procedure used for manu- 
facturing Orcarb. The results were unsatisfactory. 
No product control resulted, and ore and coal segre- 
gated in the retort. The product consisted of irreg- 
ular masses of coke with low ore pick-up and of 
much fine and broken material with a high iron 
content. Cokey crusts built up on the retort walls 
and on the end of the feed screw. 

After conducting tests for several months with 
different ores and coals, it was decided to try pellet- 
izing these raw materials in the way developed for 
processing ores with water binder. 

Fine sized ores are currently being rolled into 
pellets with water for a binder. These pellets or 
mud balls are dried, baked, and utilized in subse- 
quent processing. The operation is simple: ore is 
wetted with water, rolled at atmospheric tempera- 
ture in a plain steel horizontal cylinder, roughly 
sized, and dried sufficiently for handling. The vari- 
ables in the process are the percentage of water 
binder, diameter and length of the kiln or retort, 
and the speed of rotation. It appears that the most 
important variable is the percentage of water used; 
this may vary with the different charge materials. 


Fig. 4 — Photograph 
of the interior of the 
ore-carbon pelletiz- 
ing retort was taken 
of the operation un- 
der load. The retort 
was halted in process 
and the load allowed 
to cool. The uncon- 
solidated charge mix- 
ture of coking coal 
and iron ore con- 
centrates can be seen 
in the foreground. 
The mixture is chang- 
ing to pellets in the 
center and formed 
pellets can be seen 
in the background at 
the discharge end. 
The curved pipe in 
the upper right con- 
tains a thermocouple. 
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The peripheral speed of the pelletizing drum must 
be such that it carries the wet charge up but not 
over the drum. Wet pellets are fragile. Different 
devices and procedures are being used for drying 
and subsequent hardening, baking, or calcining. 

In the process being discussed, plastic coal is used 
as the binder for fine ore pellets and the pellets are 
rolled and hardened by the coal in one operation. 
The one operation, of binding, rolling, and harden- 
ing, is accomplished by bringing fine sized ore and 
coking coal in intimate mixture to the pelletizing 
drum or retort at a temperature approaching that 
of the softening point of the coal; the temperature 
in the retort is increased in order to make the coal 
plastic as the mixture is rolled. The operation is 
continuous and the pellets, as they are formed, 
travel from feed to discharge end of the retort and 
are removed as solid pellets. Heat to complete the 
coal softening and to carry it through the plastic 
condition to solid form is put into the charge through 
the steel shell of the retort. Tar vapor and gas are 
withdrawn, of course, as they are produced. 

The ore is heated in a direct fired rotary kiln to 
between 800° and 900°F and is delivered continu- 
ously to an insulated mixing conveyer. The coal is 
fed continuously into the same mixer. The materials 
are allowed to remain in the mixing conveyer only 
about 1 min. As the mixture leaves the mixing con- 
veyer, it has an average temperature below the soft- 
ening temperature of the coal and is fed into one 
end of the revolving pelletizing retort. This retort 
is heated by external burners and the temperature 
of the charge of coal and ore inside is raised at such 
a rate that the coal becomes plastic as it is being 
rolled with the ore. Pellets are formed and travel 
along the retort to the discharge end. Sufficient heat 
is applied so that the temperature of the product 
inside the retort and at the discharge end is main- 
tained at 900° to 950°F. The pelletizing process has 
been accomplished with ores largely finer than 20 
mesh and with coking coals having the plastic quali- 
ties of either the Pittsburgh or the Freeport beds. 

Fig. 4 shows the interior of the pelletizing retort 
where the material is being changed from loose 
charge (bottom) to pellets (top). To obtain this 
picture, the retort was started in normal fashion: 
ore was charged through the preheating kiln at the 
rate of 2.5 lb per min and then mixed with the coal 
which was fed at the rate of 1.2 lb per min. After 
45 min of normal operation, the process was sud- 


Fig. 5—The pellets shown here were those discharged before th 
operation was halted for the photograph in Fig. 4. The rough sur- 
faces have been polished and many of the larger pellets have been 
broken during handling through the discharge screw. A large part 
of the —Y4 in. material in the product can be accounted for by 
abrasion. 
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Fig. 6—The diagram shows the product sizes of ore-carbon 
pellets produced from fine sized hematite and magnetite ores 
and increasing percentages of coal. The hematite concentrate 
was the largest ore in order of pellet size and the magnetite 
was next. 


denly stopped, the burners shut off, and the unit 
sealed and allowed to cool over night. The retort in 
Fig. 4 was rotating counterclockwise. The loose 
unconsolidated charge is seen at the bottom of the 
photograph and the finished pellets, which are ready 
to be carried up and into the discharge screw, are 
seen at the top. The material in the center, between 
the loose charge and the finished pellets, was be- 
tween 2 and 3 in. thick and solid when cold. When 
the solid mass was examined, it was seen that, with- 
in 12 to 18 in. from the charge end, pellets were 
being formed in what was evidently a matrix of 
plastic material. In the center of the 4 ft long retort, 
pellets predominated and beyond that point all the 
material was in pellet form—at first sufficiently 
plastic to solidify to mass when cold, but at the dis- 
charge end comprised of solid separate pellets. 

Before the retort was stopped for the photograph 
shown in Fig. 4, the screen analysis of the product 
already discharged (Fig. 5) was: 27.4 pct 1x1% in., 
43.7 pct %x1 in., 16.3 pct %4x™% in., 4.4 pct 4 mesh 
by % in., 0.7 pct 6x4 mesh, and 7.5 pct —6 mesh, 
totaling 100 pct. 


Pellet Product 


The pellet product consists of generally rounded 
particles, the average size of which depends upon 
the ore particle size and the relative amount of coal 
in the charge. The size distribution of pellets made 
from four different ores pelletized with increasing 
percentages of coal are shown in Figs. 6 and 7. The 
effect of ore particle size on product size as increas- 
ing percentages of coal are used is brought out more 
clearly in Fig. 8. In this diagram, the weight percent 
of +% in. pellet product produced from each ore is 
related to the amount of coal charged with the ore. 
The increase in size is more or less directly propor- 
tional to the amount of coal used; the coarsest ore 
shows 20 to 25 pct more +% in. product than the 
finest. The weighted average size of the pellet prod- 
uct over 6 mesh varies from about 0.275 to 0.5 in. 
Except for the coarsest ore tested, the weighted 
average sizes of +6-mesh fall in the range of 0.3 
to 0.4 in. 

Undersize pellets may be recycled. In the tests 
that have been made on the recycled material, it has 
been found that, although a —6 mesh material 1s 
much larger than the ore, there is no corresponding 
gain in product particle size. No doubt this is due 
to the porosity of the recycled material, since it re- 
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Fig. 7—The product sizes of ore-carbon pellets produced from fine 
sized taconite ore and slag and increasing percentages of coal are 
shown in the diagram. Of the four materials shown in Figs. 6 and 7, 
the taconite concentrates were the finest in particle size. The 
ilmenite furnace slags were larger than the taconite but smaller 
than the hematite (largest) and magnetite (second in size). 


quires more binder than denser and finer sized ore. 
This condition can be corrected by pulverizing the 
material to be recycled. The bulk density of the 
pellet product made from —6 mesh recycle was 46 
lb per cu ft, as compared with 66 lb for product 
made from ore, bulk density of which was 117 lb. 


Analyses 

Analysis of the low temperature coke in the ag- 
glomerated products has been calculated from the 
analyses of agglomerates made from an oxide ore 
(rutile) that is neither oxidized nor reduced during 
processing. The results presented in Table IV for 
two tests were derived by first calculating to mois- 
ture-free and ash-free bases and then adjusting to 
the basis of 6 pct ash coke. 


Physical Properties of Pellets 
It would be desirable, of course, to compare the 
physical strength of the pellets with other sized 
material of like nature, in the way in which cokes 
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are compared by shatter and tumbler tests and fuel 
briquets by crushing, accelerated weathering, and 
tumbler tests. Taconite pellets, after drying and 
baking at 2000°F (more or less) in vertical shaft 
retorts, are compared for resistance to abrasion and 
breakage by a tumbler test in the device used for 
stability testing of furnace coke. 


Table IV. Analysis of Low Temperature Coke in the 
Agglomerated Products 


Test No. 146 Test No. 150 
Moisture Moisture 
and Ash-Free Dry and Ash-Free Dry 
Volatile matter 15 16.5 23.0 21.6 
Fixed carbon 82.5 Wigeo 77.0 72.4 
Ash 6.0 6.0 


Actually these ore-carbon pellets are tumbler 
tested during the manufacturing process. The pel- 
lets, while plastic during formation, are rounded 
and compacted by the centrifugal force imposed in 
the rotating drum. After solidification, they are as 
effectively tumbled and tossed as they would be in 
any other device. Product of less than % in. is 
believed to be largely the result of this tumbling. 


Temperature Susceptibility 

Some concern has been expressed over the belief 
that agglomerates of ore and low temperature coke 
are highly susceptible to shock when exposed to the 
temperatures at which reducing reactions take 
place; the author, however, can find no evidence to 
support this assumption. On the contrary, there is 
evidence that this kind of agglomerate is not subject 
to disintegration, explosion, or shattering when 
heated to high temperatures, either gradually or 
suddenly. After exposure to the effects of weather 
for several years, 2 and 3 in. pieces of Ore-Disco 
were dropped into a molten slag bath in an electric 
furnace and withdrawn after about 15 min. They 


did not shatter, crumble, or disintegrate. No break- 
down in size resulted after samples of ore-carbon 
pellets were heated to 1700°F in closed cast iron 
pots. The only effect of such treatment seemed to 
be hardening of the pellets and, of course, reduction 
in the volatile matter content. 

Tests have been made and are continuing on the 
use of these pellets, manufactured from rutile and 
ilmenite ores, in chlorination fixed bed processes. 
The information that is available shows that the 
pellets are well formed, strong, and _ readily 
chlorinated. 

Summary 

Ore concentrates are pelletized, using low tem- 
perature coke as a binder. Fine sized preheated ore 
and pulverized coking coal are rolled to pellet form 
and hardened continuously in a rotating externally 
heated retort. The carbon in the product may be 
varied from 25 to more than 40 pct. With a given 
ore, the pellet product size increases as the amount 
of carbon is increased. These pellets are adapted for 
oxide reduction in fixed bed reactors and buried arc 
electric furnaces. 

By another process, a product called Orcarb is 
made from ore concentrates or calcines; in this 
process the ore particles are coated with a prede- 
termined and limited amount of carbon (in the 
range of 10 to 25 pct), and the product used is large- 
ly between 10 and 60 mesh. Orcarb is suitable for 
use in fluid bed reactors, open arc electric furnaces, 
or other operations in which the process heat is 
externally applied. 


Discussion of this paper, if any, will appear in 
JOURNAL OF METALS, November 1956, and in AIME 
Metals Branch Transactions, Vol. 206, 1956. 
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Preparation of High Purity ZrCl. from Alkali Chlorozirconates 


by Robert V. Horrigan 


High purity ZrCl, (25 to 200 ppm of metallic impurities) can be readily prepared 
in simple apparatus by thermal decomposition of alkali chlorozirconate fused salts 
at 500° to 600°C and at atmospheric pressure. Suggested phase diagrams for the 
systems NaCl-ZrCl, and KCI-ZrCl, are presented. 


LKALI chlorozirconate compositions— anhy- 
drous fused mixtures of ZrCl,, NaCl, and KC]— 
are manufactured commercially and are used by the 
magnesium industry to introduce zirconium into 
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magnesium alloys. Zirconium refines the grain size 
and improves the physical properties of many im- 
portant magnesium alloys. In the course of working 
with chlorozirconate compositions of high ZrCl, 
content, it was noticed that these salts decomposed 
progressively with increasing temperature to yield 
considerable amounts of a ZrCl, sublimate of high 
purity together with a solid chlorozirconate residue. 
Further research led to: 1—improvements in the 
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Fig. 1—Suggested phase diagram is presented for the system 
NaCl-Zr; and was constructed from the author’s data and those 
of Howell et al.* and Kroll et al.” 


yield and purity of the ZrCl, product, 2—-deter- 
mination of. the optimum composition of the salts, 
. and 3—refinements in apparatus. It was also found 
that the residue salt could be remelted with addi- 
tional crude ZrCl,, thus making possible a cyclic 
process for purification of impure ZrCl,. 


Phase Diagrams 

The probable phase diagram for the system NaCl- 
ZrCl, is presented in Fig. 1. This diagram is based 
partly on data developed by the author but prin- 
cipally on the data of Howell et al.* and the data of 
Kroll et al.* The earlier work of Belozerski and 
Kucherenko,® which placed the three eutectics at 
390°, 220°, and 162°C, is believed to be in error. 
The melting point for pure ZrCl, is given as 437°C, 
the calculated melting point for this compound. 
Actually, ZrCl, sublimes at 331°C at 1 atm pressure. 
The diagram shows that the lowest eutectic point, 
314°C, occurs at 62.4 mol pct (86.9 wt pct) ZrCl. 

Since ZrCl, sublimes at 331°C, it is desirable in 
the manufacture of chlorozirconate compositions of 
high (70 to 90 wt pct) ZrCl, content to use the pro- 
portions of alkali metal chloride and ZrCl, which 
will melt at the lowest possible temperature. Early 
research at the National Lead Co. laboratory was 
centered around a 50-50 by weight mixture of NaCl 
and KCl, with which varying amounts of ZrCl, were 
melted. The lowest eutectic in this system, a com- 
position containing 75.0 wt pct ZrCl,, was found to 
melt at 240°C. From 75 down to 65 wt pct ZrCl, 
the melting point did not exceed about 260°C, but 
at 50 wt pct ZrCl, (the approximate composition of 
one of the chlorozirconate products which has been 


Table |. Typical Yields of High Purity ZrCl, by Thermal Decom- 
position of 88 pct ZrCl.-12 pct KCI Fused Salt 


iti i i ZrCly 
Decomposition Time at Yield of , 
Temperature Parts per 100 Parts 
400 1 37.5 
450 2.5 61.1 
500 1 64.0 
600 1 62.5 
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used commercially), the melting point jumps to 
580°C; this sudden rise in melting point indicates 
a compound similar to 4NaCl-ZrCl,. 

A tentative phase diagram for the system KCl- 
ZrCl, is presented in Fig. 2. The compound 4KCl- 
ZrCl, (44.1 wt pet ZrCl,), which is approximately 
the composition of another commercial chlorozircon- 
ate product, melts at about 620°C. In this system, 
the lowest eutectic composition melts at about 
215°C and occurs at 88.0 wt pct ZrCl,. The existence 
of the compound KCI1-ZrCl, is suggested by the data 
which indicate the presence of three eutectics. The 
exact compositions of the first two eutectics have 
not yet been determined. 


Thermal Decomposition of Alkali Chlorozirconates 

Alkali chlorozirconate compositions in the range 
of about 70 to 90 wt pct ZrCl, decompose readily at 
temperatures above their melting points to yield a 
high purity ZrCl, sublimate and a solid residue con- 
taining less ZrCl, than the original composition. In 
particular, the eutectic fused salt containing 88 wt 
pet ZrCl, and 12 wt pct KCl can be easily and effi- 
ciently prepared because of its relatively low melt- 
ing point (215°C) with respect to the sublimation 
temperature of ZrCl, (331°C). In addition, good 
yields of high purity ZrCl, are recovered by heating 
this fused salt composition for comparatively short 
times to 500°C or above. Table I gives typical ZrCl, 
yields for decomposition of this fused salt compo- 
sition at various temperatures. The residue chloro- 
zirconate composition, depending on the decomposi- 
tion temperature and decomposition time employed, 
was found to contain about 65 to 70 wt pct ZrCl,. It 
was found feasible to reuse this residue by remelt- 
ing it with the proper amount of crude ZrCl, to re- 
turn the composition of the molten salt to about 88 
wt pct ZrCl, and then to proceed with the prepara- 
tion of more high purity ZrCl,. It is estimated that 
such recycling of the residue chlorozirconate could 
be continued for about 50 to 100 cycles (depending 
on the quality of the ZrCl, to be purified) before 
the trapped impurities would be raised to the point 
where the purity of the ZrCl, sublimate would begin 
to be affected. 
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Fig. 2—Suggested phase diagram is presented for the system 
KCI-ZrChi. 
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means of collecting the high purity ZrCl, sublimate. 
A fused silica tube, 5 in. diam and closed at the 
bottom, is placed in a resistance wire-wound fur- 
nace capable of raising the temperature of the tube 
contents to 700°C. The top of the silica tube is level 
with the top of the furnace liner. The mixed alkali 
chloride and ZrCl, salts are placed in the tube and 
melted at the desired temperature. When all the 
tube contents are molten, a 5 in. diam cylinder of 
fused silica which has been carefully cut into halves 
along the length of the cylinder is placed on top of 
the tube containing the molten salt. The two halves 
of the cylinder fit closely together and are held in 
place by tying with asbestos cord. A close-fitting 
transite cover is placed on top of the split cylHnder. 
The molten chlorozirconate salt is then decomposed 
by raising the temperature of the bath to about 
500°C for 1 to 2 hr, during which time the apparatus 
is under a positive pressure of ZrCl, vapor. The 
high purity ZrCl, product in the form of a large ring 
collects as a solid crystalline mass on the inside 
walls of the air-cooled cylindrical condenser. Re- 
moval of the ZrCl, ring is facilitated by the split- 
wall construction of the condenser. A slight amount 
of surface contamination of the product by atmos- 
pheric moisture does take place during collection of 
the product, but moisture does not penetrate into 
the crystalline mass. 


Proposed Mechanism for the Observed Purification 

of ZrCl, 

Crude ZrCl, is usually contaminated with both 
nonvolatile and volatile impurities. Except for un- 
avoidable carry-over of fines, most of the non- 
volatile impurities can be eliminated by sublimation 
of the crude ZrCl.. However, volatile contaminants 
such as FeCl, AIC], SiCL, TiCl, and others, gen- 
erally are not completely removed from the ZrCl, 
during sublimation. It is probable that, during the 
reaction of the alkali chloride and the ZrCl, to form 
the alkali chlorozirconate salt, most of the SiCl, and 
TiCl, impurities distill off while the FeCl,, AI1Cl,, 
and other metal chloride impurities form stable 
alkali chloride double salts. The presence of any 
moisture will, of course, make these metal chlorides 
much less volatile. During thermal decomposition 
of the chlorozirconate salt, the molten bath serves 
the twofold purpose of physically trapping the non- 
volatile matter and chemically binding those metal 
chloride impurities which can form alkali chloride 
double salts. This is the mechanism, it is believed, 
that results in the observed high purity of the ZrCl, 
sublimate. 
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473°C Embrittlement of Chromized Coatings On 
Low Carbon Steel 


by W. L. Chu 


It was observed that chromized coatings on low carbon steel could be embrittled 
by cooling slowly through the 475°C range. A higher chromium coating was more 
susceptible to embrittlement than a lower chromium coating. Coating structure and 
composition could be correlated with the chromizing process and prior carbon content 


of the steel. 


T was recently observed that during the fabrica- 

tion of rectangular tubings made with chromized 
thin gage 1010 steel, a high percentage of these parts 
were fractured readily in a brittle manner under the 
light impact-forming load employed. Ensuing in- 
vestigation indicated the cause for such brittle fail- 
ures to be the so-called 475°C embrittlement of the 
chromized coatings. The experimental work and 
results are briefly reported. 

Rectangular tube sections of normalized AISI 
C1010 steel, which had a cross-section of 0.5x1.5 in. 
and a wall thickness of 0.030 in., were chromized to 
yield coatings having several ranges of thickness, 
varying from 0.0005 to 0.002 in. Essentially, the 
chromizing process is similar to that described by 
Samuel and Lockington,* which consists of heating 
the parts in a sealed container at about 955°C for 4 
hr in intimate contact with a chromizing mixture* 


* The mixture nominally contains 65 pct ferrochrome (50 to 70 
pet Cr), 0.1 pet I, 0.25 pet ammonium iodide, and the balance un- 
vitrified kaolin. 


in a reducing atmosphere. The parts are slowly 
cooled to near room temperature in the same atmos- 
phere before discharge. 

A simple hammer test was adopted for testing the 
brittleness of the prepared samples. This method 
involved striking light hammer blows at several 
areas of the sample, the force of each blow being 
sufficient to cause complete flattening of the area 
tested. Out of 45 samples prepared for the study 
and tested, 13 cracked readily at each test area and 
the rest were flattened in a ductile manner with- 
out cracking. The former were classified as brittle 
samples and the latter as tough. Thus, two groups 
of contrasting physical behavior were available for 
study. A representative sample of each type is 
shown in Fig. 1 with an undeformed sample for 
comparison. 

Two other tests for brittleness were also at- 
tempted. The first involved slowly flattening the 
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Fig. 1—Two groups of chromized samples of contrasting physical 
behavior were ayailable for study; an undeformed sample is shown 
for comparison. a—Chromized sample before hammer test. b— 
A tough chromized sample after testing. c—A brittle chromized 
sample after testing. 


samples in a hydraulic press, and the other em- 
ployed a simple beam bending test of the flat sides 
of the tubing walls. Neither, however, was able to 
differentiate the relative brittleness of samples 
known to include both the brittle and tough types, 
since the impact-brittle samples were found to de- 
form readily in a manner similar to the tough ones. 

Both the tough and brittle samples were studied 
by reflection microscopy. Observation showed that 
the microstructures of the steel cores were similar 
in content and distribution of inclusions as well as 
in the ferritic grain size. Results of Filar micrometer 
measurements showed that coating thicknesses? of 


+ Coating thickness refers to the distance from the surface to the 
interface where the chromium content is approximately 13 pct. 


the brittle samples averaged 0.0007 in., whereas 
those of the tough samples averaged 0.0016 in. The 
micrographs of Fig. 2 illustrate the structural differ- 
ences between coatings of both types of samples. 
By dissolving the steel cores in nitrie acid, coat- 
ings of both the brittle and tough samples were 
isolated. Simple bending tests showed that coatings 
of the brittle samples cracked readily at about 90° 
bend, whereas those of the tough samples could be 
bent nearly 180° without cracking. The coatings as 
well as the steel cores were analyzed for carbon and 
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chromium contents. The light etching constituents 
in some of the brittle coatings were extracted and 
also analyzed for the two elements. The results are 
listed in Table I. 

It was suspected that the impact brittleness of 
the samples was associated with the brittleness of 
the coatings and quite probably with the 475°C em- 
brittlement of the coatings during the chromizing 
operation. Thus, heat treatments were run which 
were believed to give information of an enlightening 
nature. Sections of the brittle samples were heat- 
treated at 700°C for 30 min in a dry hydrogen at- 
mosphere and were cooled at an average rate of 
25°C per min through the 475°C range. Subsequent 
hammer test showed that the samples were con- 
siderably toughened and could be flattened without 
cracking. By reheating to 700°C for 30 min and 
cooling through the 475°C range at an average rate 
of 0.4°C per min, the samples were found to regain 
their original impact brittleness. Examination by 
microscope of the samples after each treatment re- 
vealed no structural changes at magnifications up to 
X2000. When the tough samples were subjected to 
the same slow cooling treatment, their impact- 
forming behavior was aitogether unaffected and 
remained tough throughout the hammer test. 


Table |. Analyses of Brittle and Tough Chromized Samples 


Impact 


Sample Charac- Portion 
Group _ teristic Analyzed Pet C Pct Cr Pct Fe 
A Tough Coating and 0.043 — —_ 
core 
B Brittle Coating and 0.070 — —_— 
core 
Cc Tough Coating 0.90 24.0 Balance 
core 0.018 — 
D Brittle Coating 1.90 32.4 Balance 
core 0.047 
E Brittle Extracted 4.90 71.0 Balance 
residues 


To determine the effect of further diffusion (and 
hence lowering of the average chromium content 
and alteration of microstructure) in the coatings of 
brittle samples on their susceptibility to 475°C em- 
brittlement, sections of these samples were heat 
treated in dry hydrogen according to the following 
procedures: 30, 60, 120 min at 850°C, 30, 60, 120 
min at 915°C, 30 and 60 min at 1000°C, and 30 min 
at 1150°C. Water quench followed each treatment. 

Microscopic examination showed that heat treat- 
ment at 850°, 915°, and 1000°C for as long as 120 
min did not result in any change in either micro- 
structure or thickness of the brittle coatings. How- 
ever, treatment at 1150°C increased the coating 
thickness by an average of 85 pct, caused ex- 
tensive changes in the coating structure, the most 
notable of which being the disappearance of the 
outer layer, the precipitates, and the intergranular 
constituent, and accompanied growth of the colum- 
nar grains; see Fig. 3. The 1150°C treated samples 
were later reheated to 700°C for 30 min and slowly 
cooled through the 475°C range. Hammer tests 
showed that the samples were tough. 

The foregoing results indicate that the impact 
brittleness of certain chromized low carbon steel 
parts was due to embrittlement of the chromized 
coatings when the parts were slowly cooled through 
the 475°C range, most probably at the end of the 
chromizing process. It is surmised that, under im- 
pact loading and the mechanical restraint of the 
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a—Structure of tough 
sample consists of 
light etching outer 
- layer, the  ferritic 
grains of Cr-Fe alloy 
with some intergran- 
ular constituents, and 
the interfacial zone 
between the coating 
and the steel core. 


b—Structure of brit- 
tle sample consists 
of the outer layer, 
| the ferritic grains 
with greater amount 
of intergranular con- 
stituents, and the 
b interfacial layer. 


Fig. 2—Micrographs of chromized coatings of brittle and tough 
samples are shown to illustrate the structural difference between 
the two types. Samples were etched with Marble’s reagent. X1000. 
Area reduced approximately 55 pct for reproduction. 


sample, the embrittled coating is first fractured; then 
the cracks propagate through the otherwise tough 
steel core, resulting in complete fracture of the 
sample. 

Compared to the tough coatings, the brittle coat- 
ings are thinner, richer in chromium content, and 
contain greater amount of the light etching con- 
stituents. Coating thickness is closely related to the 
chromium content of the coating and prior carbon 
content of the steel. The growth of the coating 
during chromizing is much influenced by the sur- 
face reactions and subsequent diffusion rates. Higher 
carbon content in the steel would result in formation 
of more carbides and, hence, a more effective diffu- 
sion barrier. Retardation of diffusion of the chrom- 
ium atoms due to the carbide barrier in turn results 
in a thinner coating of higher chromium concentra- 
tion. 

Heat treatment results show that the higher 
chromium coatings are readily susceptible to em- 
brittlement by slow cooling through the embrittling 
range; whereas the lower chromium coatings are 
little affected, if any, by a similar treatment. This 
is in line with the observations of other investigators 
in their study of Cr-Fe alloys.? Thus, if diffusion in 
a nonchromizing atmosphere is resumed, the result- 
ing growth of coating thickness and a lowering of 
the chromium concentration should reduce the 
susceptibility to embrittlement. This is well demon- 
strated by the experimental results. 

The outer layer and light etching constituents are 
believed to be principally a mixture of chromium 
and iron carbides on the basis of analytical results. 
These carbides are apparently not associated with 
the mechanism of embrittlement, as evidenced by 


Fig. 3 — Micrograph 
shows the chromized 
coating of the brittle 
sample of Fig. 2b q > 
after heat treatment 

at 1150°C for 30 
min hydrogen. 
Note the absence of 
the outer layer and 
constituent. The interfacial zone is better resolved and appears to 
be multilayered. Etched with Marble’s reagent. X1000. Area re- 
duced approximately 55 pct for reproduction. 
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their retention in various parts of the coating after 
the 700°C treatment and removal of brittleness that 
followed. According to Fisher, Dulis, and Carroll,’ 
the so-called 475°C embrittlement of ferritic Cr-Fe 
alloys is accompanied by the precipitation of a 
chromium-rich ferrite phase, probably coherent with 
the matrix. The presence of this phase may be mani- 
fested by a darkening of the matrix under reflection 
microscope. However, in the present study, such a 
darkening effect was not noted. 

Formation of the outer layer is believed to be 
associated with both the carbon content of the steel 
core and the time-temperature relationship of the 
chromizing process employed. While diffusion is 
retarded by formation of carbide, the reduction re- 
action on the surface is not so affected. This situa- 
tion then leads to accumulation of chromium and 
carbon on the surface and, hence, the layer of mixed 
carbides. Since the retarding effect of carbide on 


diffusion rate is enhanced by lower temperature, it 
is believed that most of the build-up of this outer 
layer took place during the early part of slow cool- 
ing from the chromizing temperature. 
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Solubility and Density of Hydrated Aluminas in NaOH Solutions 


by Allen S. Russell, Junius D. Edwards, and Cyril S. Taylor 


Solubilities and densities are reported for alumina hydrates in NaOH solutions under 
the conditions of the Bayer process employed to purify alumina for aluminum produc- 
tion. The equilibrium constants for reactions to form AlO, accurately correlate the 
effects of NaOH concentration on the solubilities; the temperature coefficients of the 
equilibria lead to heats of solution of 7.34, 4.76, and 5.24 kcal for the oa trihydrate, a 


monohydrate, and £ trihydrate, respectively. 


Moderate calcination does not change 


the solubility of the a trihydrate but increases that of the « monohydrate. At solution 
temperatures above 100°C, the trihydrates transform rapidly to « monohydrate. Hydro- 
thermally produced « monohydrate is the stable phase above 20°C. 


ORNERSTONE of the aluminum industry, the 
Bayer process for alumina production is based 
on the difference in solubility of hydrated alumina 
in NaOH solutions between 170° and 40°C. Solu- 
bilities and densities in this system were determined 
thirty years ago by M. Tosterud" under the direction 
of J. D. Edwards and C. S. Taylor. The solubility 
data, which still appear more concordant than those 
in the literature, are employed to sort out the com- 
plex equilibria in this system. 

The nomenclature for the alumina hydrates is 
that presented in The Aluminum Industry’ and more 
recently summarized in Alumina Properties.’ « tri- 
hydrate is the purified phase analogous to gibbsite, 
a monohydrate is similarly akin to boehmite, and f 
trihydrate is sometimes known as bayerite. 


Literature 

Goudriaan‘ reviewed the early literature on alu- 
mina in NaOH solutions and presented data on the 
solubility at 30°C of several forms. The gel pre- 
cipitated from aluminum sulphate or chloride with 
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ammonia and dried at 130° to 140°C had the high- 
est solubility but was unstable, its solubility being 
cut to one-tenth on standing in NaOH. The solu- 
bility of the gel was decreased one-third on cal- 
cination at 300° to 400°C, while that of the gel 
transformed in NaOH at room temperature to a 
crystalline trihydrate was unchanged on calcina- 
tion. The preparation produced by slow hydrolysis 
of sodium aluminate solution with CO, in the air 
gave solubilities in rough agreement with later 
values for a trihydrate. The solubility of this form 
was increased slightly by the calcination. 

Fricke and Jucaitis’ extended the work to 30° and 
60°C with a trihydrate. They also gave solubilities 
for 6 trihydrate (bayerite b), although the residue 
belonging to the left branch of the solubility curve 
corresponded to a trihydrate. The residues at high 
NaOH concentrations were mono and trisodium 
aluminates, the latter being 3Na.O-AI,O,;:6H.O. 

Solubilities of a trihydrate at 95°C and of a mono- 
hydrate at 150° and 200°C come from the work of 
Magarchak.® a trihydrate transformed to a mono- 
hydrate above 95°C. 

A few measurements on the solubility at 25°C of 
an alumina trihydrate prepared by slow hydrolysis 
of NaAlO, solutions were presented by Sprauer and 
Pearce.’ Their analyses showed the monosodium alu- 
minate to have the composition Na,O-Al,O,:2.5H.O. 
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Bauermeister® and Bauermeister and Fulda’ pub- 
lished solubilities for a trihydrate between 74° and 
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94°C from parallel experiments in which the alu- 
mina concentration was both lower and higher (with 
seed a trihydrate to induce crystallization) than. the 
solubility limit. Three days were required for ad- 
justment of the solutions to their final states. The 
loss on ignition of the solid residue at 100°C was 
that of a trihydrate, but at the higher temperatures 
it was a monohydrate. 

Tomonari” calculated the equilibrium constant K 
for the solubility reaction as 0.1 (temperature not 
stated) for commercial trihydrate in NaOH solution 
from the relation 


IK = 


( Concentration of NaAlO, ) 


Concentration of free caustic sod¢ 
( Vapor pressure of solution ). 


Vapor pressure of water 


Tomonari’s presentation prevents exact comparison, 
but his values agree roughly with those of other 
workers. Herrmann” reported a few solubility de- 


Table |. Density, Solubility, and Equilibrium Constant of a Trihydrate in NaOH Solutions 


(1) (2) (3) (4) (5) (6) (%) (8) (1) (2) (3) (4) (5) (6) (7) (8) 
Den- AlOz-, OH-, Cols. Den- AlOz-, OH, Cols. 
sity, Equiva- Equiva- H2O* (5) (7%)2 sity, Equiva- Equiva- H2O* (5) (7)? 
AlsO3s, AlsO3/  lents lents Activ- G Naz,O, AlsOz/ lents lents, 
per Ml Gpl Gpl perL perL ity (6) per Ml Gpl Gpl Naz,O per L per L ity (6) 
40°C Temperature for 264 Hr} 1.135 79.0 60.8 0.770 1.19 1.36 0.91 0.72 
1.155 91.0 72.2 0.795 1.42 1.52 0.88 0.74 
1.021 15.5 2.5 0.159 0.048 0.45 0.99 0.104 1.202 aly) 100 0.855 1.96 1.81 0.84 0.77 
1.053 38.5 6.0 0.156 0.118 1.12 0.97 0.099 1.246 143 128 0.898 2.51 2.09 0.80 0.76 
1.096 70.0 14.0 0.200 0.275 1.98 0.92 0.118 1.347 198 207 1.05 4.06 2:33 0.70 0.86 
1.107 78.0 16.3 0.208 0.318 2.20 0.91 0.120 1.430 240 284 1.18 5.55 2.19 0.62 0.96 
1.126 92.5 19.7 0.214 0.388 2.60 0.88 0.116 
1.163 122 28.4 0.233 0.555 3.38 0.83 0.113 110°C Temperature for 5 Hr+ 
1.199 149 37.9 0.255 0.746 4.06 0.79 0.114 
1.292 217 81.2 0.374 1.59 5.41 0.67 0.132 1.123 69 60 0.87 117, 1.06 0.92 0.94 
1.371 268 144 0.532 2.79 5.85 0.56 0.148 1.137 79 69 0.87 1.37 1.20 0.91 0.95 
1.158 89 78 0.88 1.54 1.34 0.88 0.89 
50°C Temperature for 168 Hr} 1.158 90 81 0.90 ia 1.31 0.88 0.93 
1.206 117 111 0.95 2.15 1.54 0.84 0.98 
1.021 - 15.5 33 0.218 0.066 0.43 0.99 0.150 
1.054 39.0 8.6 0.222 0.161 1.09 0.97 0.138 120°C Temperature for 3 Hr} 
60°C Temperature for 168 Hr} 1.126 68 63 0.93 1.24 0.95 0.92 .09 
1.150 82 78 0.96 1.54 1.11 0.90 Ter 
1.020 iSh3} 4.4 0.281 0.085 0.42 0.99 0.200 1.253 139 149 1.08 2.95 1.53 0.80 1.23 
1.055 38.5 11.2 0.291 0.211 1.02 0.97 0.194 1.347 192 233 1,21 4.58 1.64 0.71 1.40 
0 23.6 0.338 0.464 1.79 0.92 0.220 
3 5 0.346 0.533 1.97 0.91 0.222 
1.132 92.0 32.9 0.359 0.648 2.32 0.88 0.216 
1.172 120 47.4 0.395 0.921 2.94 0.83 0.219 1 130 68 69 1.01 1.35 0.85 0.92 1.34 
- S 3 75 79 1.05 1.55 0.87 0.91 1.47 
70°C Temperature for 96 Hr} 1.154 81 88 1.08 1.72 0.90 0.90 1.55 
1.022 15.5 5.6 0.360 0.109 0.39 0.99 0.274 1165 92 £05 1-81 
1.1894 100 112 1.12 2.20 1.03 0.87 1.62 
1.058 39.0 15.2 0.392 0.291 0.96 0.97 0.282 ; 
1.214 113 127 1.12 2.48 1.16 0.85 1.54 
1.105 70.0 29.5 0.421 0.578 1.68 0.92 0.292 1256 134 161 120 316 117 081 178 
78.0 33.5 0.432 0.661 1.86 0.91 0.296 : 
1.137 91.5 40.9 0.449 0.806 2.15 0.88 0.291 : 
1.178 120 58.9 0.494 1.16 2.70 0.83 0.301 140°C Temperature for %2 Hr} 
1.220 149 79.6 0.542 1.58 2 Dy 0.79 0.304 1.131 69 73 1.068 148 0.79 0.92 15 
1.320 206 150 0.727 2.94 3.71 0.69 0.373 : 
1496 255 239 0.912 455 3.66 059 0.433 1.155 81 91 1,128 1.78 0.83 0.90 1.8 
: : 1.218 112 .136 1.218 2.66 0.96 0.85 2.0 
80°C Temperature for 72 Hr} 
150°C Temperature for 4% 
1.022 15.5 71 0.452 0.138 0.36 0.99 0.373 
1.059 38.5 18.9 0.493 0.373 0.87 0.97 0.403 1.131 66 73 1.11 1.44 0.69 0.92 1.8 
1.110 70.0 37.5 0.536 0.736 1.52 0.92 0.411 1.147 75 84 1.12 1.65 0.77 0.91 1.8 
1.123 78.0 42.8 0.548 0.838 1.68 0.91 0.415 1.158 81 94 1.16 1.84 0.77 0.90 2.0 
1.144 92.0 52.2 0.569 1.03 1.94 0.88 0.411 1.167 87 101 1.16 1.98 0.83 0.89 1.9 
1.186 118 74.0 0.624 1.44 2.35 .83 0.435 1.203} 101 126 1.25 2.48 0.78 0.87 2.4 
1.222 111 141 OY Oui 0.82 0.85 2.5 
90°C Temperature for 48 Hr} 1.261 129 168 1.30 3.29 0.87 0.82 2.6 
1.023 16.0 8.7 0.552 0.173 0.34 .99 0.494 160°C Temperature for 1/3 Hr} 
1.061 38.0 22.2 0.585 0.436 0.79 0.97 0.513 
1.114 69.5 44.2 0.632 0.861 1.38 0.92 0.530 1.135 67 75 1.12 1.47 0.69 0.92 1.8 
1.127 77.5 51.0 0.658 1.00 1.50 0.91 0.547 1.160 80 99 1.24 1.95 0.64 0.90 2.5 
1.147 90.0 61.0 0.679 1.20 aleeart 0.88 0.544 
1.192 117 86.0 0.736 1.69 2.09 84 0.575 170°C Temperature for 1/3 Hr} 
100°C Temperature for 24 Hr} 1.134 64 80 1.25 1.57 0.50 0.92 27 
1.164 80 106 1.32 2.07 0.51 0.90 3.3 
1.027 17.0 11.5 0.676 0.226 0.32 0.99 0.68 1.1814 86 111 1.29 2.18 0.60 0.89 2.9 
1.064 38.5 27.1 0.704 0.532 0.71 0.97 0.70 1.2104 99 124 1.35 2.43 0.77 0.87 2.4 
1.121 71.0 53.6 0.755 1.05 1,24 0.92 0.713 1,222 109 150 1.38 2.95 0.57 0.85 3.8 


* Data of Hayward and Perman"™ for NaOH solutions. 
+ Hours are approximate times for equilibrium. 


t Density was calculated. 
§ Omitted from Fig. 1 for clarity. 
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terminations in his consideration of the rate of this 
reaction. 


Experimental Methods 

An excess of hydrated alumina was added to 50 
ml of NaOH solution in a 110 ml steel bomb, which 
was sealed by a silver gasket, Fig. 1. Four of these 
bombs were rotated from 5 min to 2 months in an 
oil bath controlled to 0.2°C. Above 100°C, where 
the transformation of trihydrate into monohydrate 
becomes rapid, the change of alumina content of the 
solution was followed by sampling, Fig. 1, at short 
intervals of time (for example, every 5 min at 
170°C); at lower temperatures, longer intervals 
were employed. After the mixing, the bombs were 
rapidly cooled. The cooling had no large effect on 
the amount of alumina held in solution if the sample 
was not allowed to stand for any great length of 
time, as is shown by the following percentages of 
Al,O, that resulted from various cooling times: 15 
min, 3.892 pct; 30 min, 3.904 pct; and 60 min, 3.908 
pet. 

The weighed 2 to 5 ml filtered sample was diluted 
to 200 ml, acidified with HCl, heated just to boiling, 
and dilute NH,OH added dropwise until methyl red 
changed to a distinct yellow. The solution was 
boiled for 2 min, filtered, and the precipitate washed 
thoroughly with hot 5 pct NH,Cl. The alumina was 
next dissolved with HCl, reprecipitated, filtered, 
and washed as before, dried, and ignited to constant 
weight. 

The NaOH concentration was determined on an- 
other sample by titrating the boiling solution with 
standard HCl until the color of phenolphthalein was 
discharged. The concentrations are for the final 
equilibrium solutions and are lower than for the 
initial solutions because of dilution by water evolved 
from the hydrated alumina. This titration, of course, 
gives both the free caustic and that which was com- 
bined with the alumina. 

The densities were determined for the less viscous 
solutions by weighing a platinum cylinder of known 
mass and volume in the liquid sample; for more 
viscous solutions, a pycnometer was employed. 
Values originally measured at a known room tem- 
perature were converted to 25°C by an equation 
shown later. 


1.6 
A 
ea 
150° + 
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° 40 80 120 160 200 240 280 320 360 400 440 
“GRAMS No,0 PER LITER 


Fig. 2—Solubilities of « trihydrate in NaOH solutions are plotted in 
comparison with the literature values. Closed triangle represents 
data of Goudriaan‘ at 30°C; square, Fricke and Jucaitis’ at 30° 
and 60°C; open triangle, Magarchak® at 95°C; diamond, Sprauer 
and Pearce’ at 25°C; closed circle, Bauermeister® at 74°, 79°, 84°, 
89°, 94°, and 100°C; open circle, Herrmann” at 30°, 35°, 40°, 46°, 
and 100°C; and plus, the authors’ work. 
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Table Il. Influence of Variables on Time Required for 85 Pct 
Transformation of « Trihydrate to a Monohydrate, Judged by Loss 
on Ignition of Residue 


Hr for 85 Pct Conversion 
Na2O Concentra- 


tion, Gpl 150°C 170°C 
124 6.0 0.75 
93 10.5 3.0 


Stick NaOH was purified from alcohol and. freed 
from carbonate by the addition of the requisite 
amount of Ba(OH).. The a trihydrate was the 
regular commercial product washed to free it from 
excess soda. The a monohydrate was prepared by 
digesting the trihydrate in 77.5 g Na.,O per 1 for 
5 hr at 170°C. The solid was filtered off, washed 
with hot water, and dried at 105°C. This gave a 
uniform product which showed loss on ignition of 
about 17 pct, compared to the theoretical value of 
15.0 pet. To prepare £ trihydrate, the a trihydrate 
was dissolved in hot 10 pet NaOH solution, pre- 
cipitated by passing CO, into the hot solution, filtered, 
agitated repeatedly in distilled water until the wash 
water was practically neutral, filtered, and dried in 
air at 105°C. These procedures are not necessarily 
the ones which would be preferred today for prep- 
aration and analysis of these phases. 


Experimental Results 

In Table I are shown the densities and maximum 
amounts of « trihydrate dissolved from 40° to 170°C 
with solutions containing up to 200 g Na.O per l. At 
temperatures below 100°C, the rate of transforma- 
tion of trihydrate to the less soluble monohydrate 
is slow, and fairly accurate values for the solubility 
could be obtained. At higher temperatures, samples 
were taken at short intervals of time (every 5 min 
at 170°C) and the maximum values were recorded. 
It will be evident later that the results above 120°C 
are probably below the true solubilities. The solu- 
bilities expressed in the weight ratio Al,O;,/Na,O 
are plotted in Fig. 2 in comparison with the litera- 
ture values. Table I also shows that long times are 
required for equilibrium at the lower temperatures. 

The final value for solubility at 100°C and 77.5 g 
Na,O per 1 is identical for 80 to 200 mesh and 
“through 200 mesh” samples of a trihydrate sep- 
arated by screening from the commercial hydrate, 


Cae 


| 


Al,0, /Na,0, GRAMS PER LITER 


° 40 80 120 160 200 240 280 320 360 400 440 
GRAMS No,0 PER LITER 


Fig. 3—Solubilities of a monohydrate in NaOH solutions are plotted 
in comparison with the literature values. Open circle represents the 
data of Magarchak® at 150°C; triangle, Magarchak® at 200°C; 
closed circle, Bauermeister and Fulda;° and plus, the authors’ work. 
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although the rate of solution is somewhat faster for 
the finer sample. 

The rate of change of a trihydrate into a mono- 
hydrate increases both with temperature and with 
strength of the NaOH solution. The influence of 
these variables on the time required for 85 pct 
transformation in a bomb (judged by loss on igni- 
tion of the residue) is given by the experiments 
summarized in Table II. 

The solubility of alumina in Na,CO; solution is 
very low. Only 0.18 pct Al.O, is dissolved when an 
excess of a trihydrate is agitated in 100 g Na,CO; 
per 1 at a temperature of 90°C for 48 hr. The addi- 
tion of 40 to 95 g Na,CO, per 1 at 90°C or of 60 
to 93 g Na.CO, per 1 at 150°C has no measurable 
effect upon the solubility of a trihydrate. 


Table Ill. Density, Solubility, and Equilibrium Constant of 
a Monohydrate in NaOH Solutions 


(1) (2) (3) (4) (5) (6) (7) (8) 
Den- AlO>-, OH-, Cols. 
sity, Equiva- Equiva- H2O* (5) (7)? 

G Na:O, AlzOs, Al2O3/  lents lents Activ-————— 

per MI Gpl Gpl perL  perL ity (6) 


80°C Temperature for 1008 Hr+ 


1.103 70 19.6 0.280 0.385 1.87 0 0.189 
1.114 80 22:5 0.281 0.441 2.14 0.90 0.186 
1.131 93 26.5 0.287 0.520 2.46 0.88 0.186 
1.170 124 36.6 0.296 0.718 3.27 0.83 0.182 
100°C Temperature for 360 Hr} 
1.107 70 27.7 0.398 0.543 1.70 0 0.294 
1.119 79 31.6 0.400 0.620 1.93 0.90 0.289 
1.138 92 37.1 0.403 0.728 2.24 0.88 0.286 
1.176 122 51.5 0.422 1.01 2.93 0.83 0.286 
120°C Temperature for 230 Hr} 
1.105 70 32.6 0.465 0.640 1.62 0.92 0.363 
1.118 78 36.8 0.472 0.722 1.79 0.90 0.363 
1.136 92 44.6 0.487 0.875 2.08 0.88 0.370 
1.178 121 61.6 0.505 1.21 2.70 0.83 0.372 
130°C Temperature for 70 Hr+ 
1.109} 69 36.9 0.534 0.724 151 0.92 0.44 
1.122¢ 78 41.3 0.530 0.810 ita fl 0.90 0.43 
1.143 92 49.7 0.543 0.975 1.98 0.89 0.44 
1.144} 92 50.4 0.548 0.988 1.98 0.88 0.44 
1.191} 121 65.6 0.542 1.29 2.61 0.83 0.41 
1.255 160 108.6 0.680 2.13 3.01 0.78 0.55 
iL-St}s) 221 176.6 0.796 3.46 3.66 0.66 0.62 
1.448 274 260.1 0.954 5.10 3.73 0.56 0.77 
1.538 325 342.2 1.048 6.71 3.77 0.46 0.82 
140°C Temperature for 48 Hr} 
70 40.2 0.574 0.788 1.49 0.92 49 
1.124¢ 77 44.1 0.572 0.866 1.62 0.90 0.48 
1.147} 92 53.4 0.580 1.05 1.92 0.88 0.49 
1.192t 120 ’ 71.4 0.595 1.40 2.47 83 0.47 
150°C Temperature for 24 Hr} 
1.114 70 44.2 0.631 0.867 1.39 0.92 0.57 
1.128 78 49.5 0.639 0.971 153 0.90 0.57 
1.147 92 59.5 0.650 LOL 1.79 0.88 0.57 
1.148 91 59.6 0.653 0.89 0.58 
1.193 120 81.8 0.682 1.60 2.27 0.83 0.58 
1.261 159 123.6 0.773 2.43 2.69 0.78 0.71 
1.370 224 200.4 0.894 3.93 3.31 0.65 0.77 
1.464 274 286.7 1.047 5.63 3.20 0.56 0.99 
1.552 319 369.2 1,158 7.24 3.05 0.47 1.12 
1.631 366 460.3 1.258 9.03 2.78 0.38 1.24 
160°C Temperature for 24 Hr+ 
1.117} 70 48.5 0.692 0.951 1.31 0.92 0.67 
1.129} 717 53.5 0.695 1.05 1.44 0.90 0.66 
1.152+ 92 63.0 0.685 1.24 1.73 0.88 0.63 
1.1984 120 86.2 0.718 1.69 2.18 0.83 0.64 
170°C Temperature for 24 Hr} 
leila le 70 51.9 0.741 1.02 1.24 0.92 0.76 
1.133 78 58.2 0.746 1.14 1.38 0.90 0.74 
1.153 91 68.8 0.756 1.35 1.59 0.88 0.75 
1.154 91 70.2 0.756 1.38 1.56 0.89 0.79 
1.199 116 93.7 0.808 1.84 1.90 0.83 0.80 
1.262 153 143.0 0.935 2.81 2.13 0.78 1.03 
1.374 219 224.3 1.026 4.40 2.65 0.66 1.10 
1.470 271 308.2 1.136 6.05 2.70 0.56 1.26 
1.560 320 394.3 1.240 7.74 2.57 0.46 1.38 
1.641 365 477.7 1.308 9.37 2.40 0.38 1.48 


* Data of Hayward and Perman!4 for NaOH solutions. 
+ Hours are approximate times for equilibrium. 
t Density was calculated. 
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The solubility of the a monohydrate in solutions 
ranging up to 365 g Na.O per 1 from 80° to 170°C 
is much lower than that of the a trihydrate under 
the same conditions. Table III gives the densities 
and solubilities. Fig. 3 shows the solubility ex- 
pressed in the weight ratio Al,O;/Na.,O as a func- 
tion of NaOH concentration for various tempera- 
tures in comparison with literature values. The time 
for establishment of equilibrium is much greater at 
a given temperature for the a monohydrate than 
for the a trihydrate and only falls to 15 to 30 min 
at 200°C at 100 g Na.O per 1. 

The solubility of the 8 trihydrate is substantially 
greater than that of the a trihydrate at 40°C but is 
nearly the same at 100°C. See Table IV for the 
limited solubility and density data for this phase. 

Moderate calcination of a trihydrate in air, 
whereby the X-ray indicates a variety of struc- 
tures,” does not produce a major change in the 
pseudo-equilibrium solubility in 93 g Na.O per | at 
150°C. This calcination, however, causes a decrease 
in the rates both of solution and of transformation 
to the stable a monohydrate phase. The effect of 


Table IV. Density, Solubility and Equilibrium Constant of 
B Trihydrate in NaOH Solutions 


(1) (2) (3) (4) (5) (6) (7) (8) 
Den- AlO>:-, Cols. 
sity, Equiva- Equiva- H20* (5) (7)2 

G NazO, AlOs/  lents lents Activ- 

per Ml Gpl Gpl Naz2O perL per L ity (6) 
40°C Temperature for 148 Hr} 

1.021 ORL 4.8 0.32 0.095 0.39 0.99 0.24 
1.055 35.9 10.1 0.28 0.198 0.96 0.97 0.19 
50°C Temperature for 120 Hr} 

1.021 14.8 6.1 0.41 0.119 0.36 0.99 0.33 
1.056 36.0 13.0 0.36 0.255 0.91 0.97 0.26 
60°C Temperature for 96 Hr} 

1.021 14.7 6.8 0.46 0.133 0.34 0.99 0.38 
1.057 35.8 15.0 0.42 0.294 0.86 0.97 0.32 
70°C Temperature for 48 Hr} 

1.022 15.0 8.0 0.53 0.156 0.33 0.99 0.47 
1.060 35.2 18.3 0.52 0.359 0.78 0.97 0.44 
80°C Temperature for 16 Hr} 

1.021 GSA 9.2 0.61 0.181 0.31 0.89 0.58 
1.060 35.2 21.8 0.62 0.428 0.71 0.97 0.57 
90°C Temperature for 54% Hr} 

1.026 15.0 10.5 0.70 0.206 0.28 0.99 0.73 
1.065 35.1 25.3 0.72 0.496 0.64 0.97 0.73 
100°C Temperature for 514 Hr} 

1.026 16.0 12.8 0.80 0.251 0.27 0.99 0.88 
1.063 35.5 29.1 0.82 0.571 0.57 0.97 0.94 


* Data of Hayward and Perman* for NaOH solutions. 
+ Hours are approximate times for equilibrium. 
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time on the solubility of these calcined products is 
shown in Fig. 4. Additional determinations of solu- 
bilities, at the times shown to produce maximum 
values, are listed in Table V. The hydration of the 
residues toward monohydrate is evident from the 
loss on ignition values. 

Calcination of the a monohydrate at 500° to 
600°C, in contrast to the a trihydrate, increases both 
the amount and rate of the solubility. Calcination 
temperatures below 425°C are without effect and 
higher temperatures decrease the rate of solution. 
The solubility of the calcined monohydrate de- 
creases upon long digestion as the monohydrate is 
formed again. These effects are shown in Fig. 5 
and additional data are given in Table VI. 


Table V. Solubility of NaOH Solutions at 150°C of Partially 
Calcined a Trihydrate 


Ig- 
Time Dens- nition 
Ig- of ity, Loss of 
nition, Solu- G Resi- 
Calcination, Loss, tion, per Na»0, —————— Al:03/ due, 
1 Hr at °C Pet Hr MI Gpl Pet Gpl Na:O_ Pct 
None 34.6 8.7 101 1.16 — 
300 10.0 107 1.21 15.4 
600 16 4 1.176 89.3 9.4 110 1.23 5.8 


a trihydrate heated at 1140°C, under conditions 
such that it undergoes no exothermal change (a 
y-type alumina), dissolves at 150°C in 93 g Na,O 
per 1 to the same extent in 65 hr as the uncalcined 
hydrate in 15 min; thereafter its solubility decreases 
slowly while it rehydrates to 8.17 pct loss on igni- 
tion after 138 hr. The same material, heated in the 
presence of a small amount of a fluoride to an 
exothermal transformation at 1092°C (a alumina), 
has only one-quarter as much solubility in 164 hr 
and rehydrates in this time only to 0.28 pct. The 
hydrothermally formed a monohydrate gives similar 
results under corresponding calcination. 

Density of NaAlO, Solutions: The densities d in 
grams per milliliter for solutions of NaOH saturated 
at T °C with a trihydrate (at least for concentra- 
tions up to 200 g Na.O per 1) can be expressed by 
the formula 


d = 1.002 + (0.00109 + 5.9x10°T) xX (g Na.O per 1) 
or by its alternate form 
d = 1.002/[1 — (0.0109 + 5.9x10°T) X (pct Na,O) J. 


The equations for solutions saturated with hydro- 
thermally produced a monohydrate are 


d= 1.002 + (0.00114 + 3.1x10°T) x (g Na.O per 1) 
d = 1.002/[1 — (0.0114 + 3.1x10°T) x (pet Na.O)]. 
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Other formulas which are useful for estimation 
of densities are 


d = 1.002 + 0.00125 x (g Na.O perl) + 
0.0005 x (g Al.O; per 1) 


d = 1.002/(1 — 0.0125 x (pct Na.O) — 
0.0005 (pct Al,O,). 


The densities of a number of representative solu- 
tions, beside being determined at a definite room 
temperature, were also determined at a measured 
elevated temperature in the vicinity of 80°C. The 
equations representing the change in density with 
change in temperature of measurement are as fol- 
lows 

d, = d.— (T-25) Xa 


where a is 0.00075 for 75 to 100 g Na.O per 1 and 
0.00077 for 100 to 125 g Na.O per 1, both solutions 
being saturated with alumina. 


Hydrolysis Equilibria 
For the reactions 


Al(OH), + OH- > AlO,- + 2H.O 
AlOOH + OH- => AlO,- + H.O 


the equilibrium constants K for the case that solid 
alumina phases are present and the activity co- 
efficients of the OH” ions and AlO, ions are equal, 
are 

Caios- X 


Con- 
Caios- X Axo 
Coxu- 


where Caio. and Con- are the equivalents per liter 
of aluminate and hydroxyl ions and An,o is the 
activity of the water. 

Hayward and Perman™ measured the vapor pres- 
sure of water over NaOH solutions from 30° to 80°C 
and at concentrations up to 450 g Na.O per 1, and 
Robinson and Stokes” reported values at 25°C over 
a range of concentration. The use of these values 
for the activity of water in Tables I, III, and IV 
assumes that they are independent of temperature 
and of the amount of alumina dissolved in the solu- 
tions. The last columns of Tables I, III, and IV show 
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Fig. 6—Equilibrium constants of alumina reactions with NaAIO» 
solutions are plotted vs temperature. 
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Table VI. Solubility in NaOH Solutions at 150°C of Partially 
Calcined a Monohydrate 


Ig- 

Time  Dens- nition 

Ig- of So- ity, Loss of 

nition, lu- G Al,O3 Resi- 

Calcination, Loss, tion, per Na20, ——————— Al20O3/ due, 
1 Hr at °C Pet Hr MI Gpl Pct Gpl Naz2O_ Pct 
None 17 24 1.148 92 5.18 59.5 0.65 _ 
500 3.1 4% 8.79 103 
500 oul 5 1.181 92 9.25 109 1.19 6.4 
600 LG) 1.180 89 9.35 110 1.24 4.2 
700 Oe 8.68 102 1.12 4.0 
700 1.178 91 9.09 105 


the equilibrium constants which are calculated froin 
the authors’ solubility data and this water activity. 
In calculating the concentration of OH, the meas- 
ured hydroxyl concentration is corrected for the 
formation of aluminate ion. Inasmuch as the result- 
ing values increase with NaOH concentration (pre- 
sumably because of the failure of the foregoing 
assumptions at higher concentrations), values of the 
equilibrium constant at the various temperatures 
are derived by extrapolation to 0 NaOH concentra- 
tion. Plots of the equilibrium constants as a func- 
tion of temperature are shown in Fig. 6 for the 
three phases. 

Essentially the same values for the equilibrium 
constant are derived from the assumption that the 
activity of the water is the square of its mol frac- 
tion. In deriving the water concentration, the 
weight of NaOH and of NaAIlO, is subtracted from 
the total weight of a given volume of solution, and 
the result is divided by the molecular weight of 
water. The mol fraction of the water is then the 
mols of water divided by the sum of the mols of 
water plus the total number of equivalents of 
sodium, aluminate, and hydroxyl ions in solution. 

The equations representing the solubility of these 
phases are then (T in °K) as follows: for a tri- 
hydrate 


Oo 
4.5747 
for a monohydrate 
4.5747 
for B trihydrate 
+ 3.01 
4.5747 


Heats of hydrolysis from these data are 7.34 kcal 
for a trihydrate, 4.76 kcal for a monohydrate, and 
5.24 keal for B trihydrate. Selected Values” lead to 
6.57 and 3.54 kcal for the a trihydrate and a mono- 
hydrate, respectively. 

For either the a trihydrate or hydrothermal a 
monohydrate, the equilibrium constant at room 
temperature is about 0.05. From the relation be- 
tween this constant and the ion product of water, 
10“, the solubility product of the monobasic alu- 
value in agreement with that of Lacroix.” 


Transition Temperatures 
The expression for the transition temperature 
from a trihydrate to a monohydrate is 


7340 — 4760 
4.574(4.11-2.22) —log Ano 


The calculated transition temperatures are 27°C for 
0 NaOH concentration, 25°C for 80 g Na,O per 1 
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(0.9 activity H.O), 23°C for 140 g Na.O per 1 (0.8 
activity H.O), etc. The 6 trihydrate is unstable with 
respect to a trihydrate at temperatures below 145°C. 

The stabilities shown by this work for the hy- 
drated alumina phases are difficult to reconcile with 
other experience. a trihydrate is produced in the 
Bayer process, although the hydrothermal-type a 
monohydrate is the stable phase. Even more con- 
fusing is the fact that freshly precipitated a mono- 
hydrate left in alkaline solution at room tempera- 
ture may gradually transform to £ trihydrate and 
then finally to a trihydrate. However, the coarse a 
monohydrate produced hydrothermally is not con- 
verted to a trihydrate on standing in dilute alkali 
at room temperature. Two factors may provide the 
explanation: 1—the transformation of a trihydrate 
to hydrothermal-type a monohydrate is extremely 
sluggish at room temperature and 2—the a mono- 
hydrate form usually produced by precipitation is 
much more soluble than that produced hydro- 
thermally. Evidence on this latter point is in the 
work of Goudriaan quoted earlier. It should also 
be remembered that a monohydrate is produced by 
moderate heating of a trihydrate and that partially 
calcined a trihydrate is as soluble as the uncalcined 
trihydrate. As a matter of fact, the curve for a tri- 
hydrate calcined to 425°C, Fig. 4, which shows a 
decreasing solubility with increasing time of diges- 
tion might well result from a change from a mono- 
hydrate (from calcination) to a monohydrate (hy- 
drothermal). Other evidence that all the phases 
which show a monohydrate to the X-ray are not 
equivalent has been shown by the compilation of 
Russell.® 


Discussion of this paper, if any, will appear in 
JOURNAL OF METALS, November 1956, and in AIME 
Metals Branch Transactions, Vol. 206, 1956. 
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Oxidation of Phosphorus and Manganese During and After 


Flushing in the Basic Open Hearth 
by John F. Elliott and Frank W. Luerssen 


USEING the early slag from a stationary open 

hearth having a high percentage of hot metal in 
its charge is necessary in order to remove silica from 
the system. The flush slag is strongly oxidizing and 
is somewhat acidic. It has, however, considerable 
capacity to extract phosphorus from the bath and 
it also removes considerable manganese. It seems 
probable that factors which control the distribution 
of phosphorus and manganese between slag and 
metal in the refining period also should be dominant 
in the flush and postfiush periods. Several studies, 
as summarized elsewhere,” * support the viewpoint 
that conditions closely approaching equilibrium for 
these elements are rather readily established dur- 
ing the refining period. Over the years these studies 
have repeatedly demonstrated that 1—high slag vol- 
ume, 2—low bath and slag temperature, 3—basic 
slag, and 4—strongly oxidizing slag favor rapid 
elimination of phosphorus from the bath to the slag. 
They also show that the following conditions favor 
retention of manganese in the bath: 1—low slag 
volume, 2—high bath and slag temperature, 3— 
basic slag, and 4—minimum oxidizing power of slag. 
When it is considered that the flush slag often car- 
ries as high as 75 pct of the manganese charged and 
only 25 to 60 pct of the phosphorus charged, it is 
evident that in removing silica much manganese is 
sacrificed but phosphorus removal is far from com- 
plete. Because of overriding circumstances, this is 
accepted in most operations and actually it is con- 
sidered to be inevitable. This may account for the 
fact that little attention has been paid to conditions 
affecting the elimination of phosphorus and man- 
ganese in the flush slag. A recent study of the be- 
havior of various charge oxides has developed con- 
siderable information on the flush and postflush 
periods. Because the data are felt to be of general 
interest, they have been brought together and pre- 
sented in this paper. The object is to show the vari- 
ous factors in the flush and postflush periods which 
influence elimination of phosphorus and manganese. 


Physical Conditions During and After Flushing 

Physical conditions existing during the flush vary 
from plant to plant, from shop to shop, from furnace 
to furnace, and even from heat to heat. They are 
strongly influenced by the physical and chemical 
character of the charge oxide which is ordinarily 
necessary to provide sufficient oxidizing power early 
in the heat. Invariably the period is characterized 
by a vigorous reaction between the principal re- 
actants: the hot metal being added and the charge 
oxide. During the flush, it is probable that the slag 
acts to some extent as an oxidizer; but, because of 
the critical influence of the behavior of the charge 
oxide on flushing action, it seems apparent that the 
oxide itself is the dominant oxidizer. Fig. 1 shows 
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the course of two heats which were selected as be- 
ing typical of the group studied. Heat A was charged 
with 55 pct hot metal, based on the total metallics 
charged, and heat B had 57 pct hot metal. As indi- 
cated in Table I and Fig. 1, the melt-down slag, 
which is not usually voluminous and which is prin- 
cipally FeO, expands greatly in volume and will 
show rather high levels of SiO., MnO, and P.O, very 
soon after the beginning of the hot metal addition. 
Simultaneously, large volumes of CO are liberated 
which cause violent mixing of slag and metal. It is 
of interest to note that the time required to bring 
carbon down to a low level is very much longer than 
that required for the removal of silicon, manganese, 
or phosphorus. At the end of flush, carbon in the 
bath is still approximately 2 pct. 

When strongly reducing hot metal is brought into 
contact with strongly oxidizing conditions within the 
furnace, it is probable that the rate of mass transfer 
to the slag (and atmosphere) of silicon, manganese, 
phosphorus, and carbon initially depends principally 
on the rates at which the two participating phases 
are brought into contact That is, it depends on the 
nature of the various reactions. Later in the flush 
period, when the scrap is virtually all dissolved and 
the action of the bath has settled down to a steady 
and somewhat gentle boil, it is likely that other fac- 
tors, such as the transfer of oxygen across the slag- 
metal interface, become dominant. The temperature 
of the slag-metal system is far from uniform. Heat 
is being driven by the flame down through the slag. 
Bubbling and surging of the metal also frequently 
brings portions of the bath in contact with the flame. 
At areas of contact between the ore and liquid metal, 
or slag and liquid metal, the oxidizing reactions gen- 
erate much heat. On the other hand, scrap is being 
melted which tends to absorb large quantities of 
heat. Because the liquid bath is high in carbon, the 
steel scrap is brought into solution rapidly. This can 
proceed at a rather low temperature; and until much 
of the scrap has been taken into solution, the bath 
temperature would not be expected to increase ap- 
preciably. Consideration of these factors leads to 
the conclusion that during the flush period the slag 
should be rather hot and the bath relatively cold. 
Both observation and temperature measurements 
bear this out. 

Experimental Data 

The extended program of charge oxide evaluation 
permitted study of the widely varying conditions 
existing during the flushing period. Slag and metal 
analyses and bath temperatures reported herein 
(Tables I and II) were obtained toward the latter 
portion of the work. Four different types of charge 
oxide, sinter, two types of hydraulic cement-bonded 
soft ores, and a pyrobonded agglomerate were used 
in the study. Although the heats reported were from 
only one 205 ton furnace, they show variations in 
flush slag analyses all the way from 25 pct FeO, 
which is typical with the use of a hard natural 
charge ore, to 45 pet FeO which resulted when a 
very poorly agglomerated fine ore was used. The 
physical behavior of the flushes showed a corre- 
spondingly wide variation from well controlled re- 
actions to violent surges following periods of inac- 
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Table |. Flush Slag Composition 


Slag Analysis, Wt Pct 
Heat Slag Hole” P205 MnO FeO Fe203 CaO SiO: MgQ Al2Oz 
8:20 9.61 31.8 4.43 18.7 19.5 3.5 
24 378 30:2 2.14 24.6 22.0 7.7 4.1 
D Early flush 1.64 13.6 31.5 4.0 14.6 25.3 3.8 3.8 
isch “0 347 145 28.8 1.6 15.3 28.1 5.2 4.0 
Postflush 30 2.66 13.0 9.2 te 27.7 29.9 10.5 5.5 
E Early flush ae 2.69 10.1 30.8 2.43 12.0 37.0 49 42 
430 B13 44.6 3.86 10.9 19.20 3.7 3.8 
Late flush 0 1.86 7.10 49.1 5.40 11.6 25.28 3.7 45 
Postflush 10 4.65 8.26 36.9 2.00 14.3 21.78 5.4 ; 
7 = , 49.3 8.87 9.1 16.24 4.9 4.2 
Postfiush 5 3.45 8.20 48.1 3.43 9.5 18.80 3.4 3.9 
Postflush 30 3.83 7.87 44.8 4.29 8.9 19.58 4.4 4.0 
_ ; 33.3 3.3 12.5 25.3 49 4.2 
Postflush 27 3.98 10.9 17.5 1.14 24.5 23.1 7.5 6.3 
7 T T T T Flush slag samples were dipped from the runner 
HOT METAL FLUSH and each flush slag analysis reported in Table I was 
Ley x HEAT A obtained from a composite of five to seven tests 
taken during the flush. Postflush slag samples were 
bd dipped with a conventional spoon from the furnace, 
usually at the door through which the hot metal was 
er - poured. Bath tests were taken almost simultane- 
2's ously with the slag samples. Each spoon test was 
oan S| killed with high purity aluminum wire after the slag 
ay 0%) 2 Bs had been pushed away from the center of the spoon. 
Sue we to The test was poured in a steel box. Tests showing 
& slag or more than 0.002 pct Si (nil) were discarded. 
No reliable bath analyses were obtained until very 
late in the flush because of the lack of complete 
mixing. Careful analytical work ensured an ac- 
at curacy of two significant figures in the manganese 
Temperatures: Temperatures of the bath for both 
TIME postflush and tap periods were carefully obtained 
with a conventional immersion Pt—Pt-10 pct Rh 
thermocouple. The potential of the thermocouple 
\ HEAT B e temperature read is estimate o have peen 
iat F ‘Ny (%Mn0) within +20°F of the temperature of the liquid in the 
gh Re k vicinity of the thermocouple tip. Temperatures were 
eel? os obtained during and after flush and just before the 
eae | lime boil began. This was done as safety permitted, 
sae 3 wal which usually was 5 to 15 min after closing the flush 
: hole. The flush hole was closed as soon as the flow of 
22 Nec Sa slag was reduced to a dribble. On several heats, 
some slag was flushed as a result of subsequent reac- 
| vi ee | tions. As shown in Table II, another set of postflush 
— temperatures and slag-bath samples were obtained 
2b Se on several heats between approximately 15 and 45 
min after the end of flush. 
ol, = After the test program had been completed, re- 


4 
CLOCK TIME (hr) 
Fig. 1—Graphs give slag and metal analyses of heats A and B 


during and after flush periods. ( ) represents slag components and 
[ ] metal components. 


tivity. The unusually high levels of MgO in some of 
the postflush slags probably resulted from bottom 
erosion. This condition was typical of a heat which 
had a highly erratic flushing action and the behavior 
was particularly characteristic of heats using the 
pyrobonded agglomerate. 
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view of the data indicated that the bath tempera- 
tures for the series did not permit satisfactory inter- 
pretation of the data. As a result, slag and bath tem- 
peratures were obtained on several additional heats 
on the same furnace and, as a matter of interest, on 
a 250 ton unit; see Table III. The temperature dis- 
tribution in the slag and metal layers in the postflush 
period when the bath action had settled down to a 
gentle boil is approximately as shown in Fig. 2. 

At this point, it may be of interest to note a few 
of the observations made during the temperature 
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surveys. At times when it was possible to get a 
thermocouple into the bath while the system was in 
very violent agitation, it was noted that there ap- 
peared to be no sharp change in temperature in the 
vicinity of the slag-metal interface and actually 
there was a 100° to 450°F difference between the 
slag and metal. Measurements of slag temperatures 
were most difficult immediately after hot metal be- 
cause the wild action in the bath made it impossible 
to hold the thermocouple at a constant level in the 
slag as the temperature was taken. Bath tempera- 
tures were relatively simple to measure in areas 
where there were no visible scrap boils. On the 
other hand, it was obvious at times that the mixing 
was so violent that there was no regular and clear 
separation of the liquids. By slowly letting the 
thermocouple tip sink gradually through the slag 
and metal layers, it was possible to get an indication 
of the temperature gradients between the two phases 
and within each phase. Fig. 3 shows one trace. 
Table III reports several measurements which ap- 
peared typical. 

In general, even with a skull on the bottom, the 
thermal gradient in the bath was 10°F or less. The 
gradient in the slag layer to within 1 or 2 in. of the 
top surface was approximately 35° to 70°F. Where 


larger gradients are shown in the table, it appears 
that violent mixing of the slag and metal prevented 
a clear interpretation of the location of the interface. 
It seems from these data that the large temperature 
difference observed between the slag and metal prob- 
ably was confined to the interface between the two 
phases. 

Even toward the end of flush, the metal bath was 
about the same temperature as that of the hot metal 
added. The data collected were not sufficiently com- 
plete to show whether or not the bath temperatures 
were influenced by the temperature of the hot metal. 
A correlation is to be expected. However, it seems 
certain that other factors such as the degree of melt- 
down before hot metal is added will be of consider- 
able importance also. 

The slag gains temperature much more rapidly 
than does the metal because: 1—the liquid products 
from the strongly exothermic reactions go quickly 
into the slag, 2—the slag is directly exposed to the 
flame, 3—the slag has a much lower total heat capa- 
city than the bath, and 4—heat is being absorbed 
from the bath while scrap is being brought into solu- 
tion at a relatively low temperature by the high 
carbon iron. Later, the lime boil will tend to keep 
down the temperature in both the bath and the slag. 


Table II. Slag and Metals Analyses for Experimental Charge Oxide 


Slag Bath Analysis, Wt Pct 
Desig- Tempera- 
nation ture, °F C Mn P Ss Si FeO Fe203 MnO P2O5 CaO SiOz AlzO3* MgO* 
Flush; 
1Ft 2510 1.78 0.012 0.093 0.037 0.002 28.1 2.43 alee 4.18 2627, 23.30 4.1 Te 
6F 2400 2.62 0.018 0.046 0.040 0.002 27.4 2.29 10.5 6.71 20.3 21.12 4.1 Tet 
TF 2455 2.59 0.023 0.062 0.035 0.002 23.5 2.4 12.1 5.65 21.8 25.38 4.1 Mad, 
8F 2430 2.32 0.020 0.050 0.040 0.002 28.9 2.86 11.1 5.29 16.8 20.98 4.1 Lia's 
oF 2405 2.64 0.017 0.044 0.038 0.002 26.8 1.72 9.68 7.68 21.8 21.02 4.1 7.7 
16F 2410 2.66 0.025 0.081 0.036 0.002 48.1 3.43 8.20 3.45 9.5 18.80 3.0 5.0 
17F 2405 2.79 0.014 0.055 0.044 0.002 44.6 3.86 8.13 4.30 10.9 19.20 3.69 3.79 
21F 2560 By el 0.097 0.109 0.033 0.002 13.4 1.3 21.4 3.44 21.7 28.87 3.17 6.26 
Postflushs 
Py ; 2430 2.46 0.032 0.047 0.047 0.002 28.9 2.14 14.2 2.69 14.5 26.4 4.1 iets 
3P 2460 2.18 0.011 0.078 0.035 0.002 37.9 1.43 12.5 4.14 10.2 22.88 4.1 Got 
4P 2500 1.85 0.016 0.035 0.051 0.002 30.3 2.72 8.9 4.03 17.6 22.48 4.1 feed 
5P 2505 2.09 0.023 0.028 0.041 0.002 28.5 3.58 9.80 3.96 19.5 21.02 4.1 71.7 
9P 2465 231 0.019 0.034 0.039 0.002 20.2 2.14 8.78 5.04 24.6 22.02 4.1 Tal 
ighes 2555 — 0.076 0.018 — 0.002 17.5 1.14 10.9 3.98 24.5 23.12 2.85 15.08 
12P 2510 — 0.032 0.031 — 0.002 12.8 0.86 11.2 3.87 26.4 25.38 2.85 15.08 
13P 2530 1.63 0.056 0.094 0:037 0.002 9.2 1.1 13.00 2.66 27.7 29.86 5.46 10.50 
14P 2590 2.20 0.021 0.041 0.046 0.002 24.9 3.01 10.38 4.56 20.9 22.22 2.85 11.18 
15P 2615 1.30 0.031 0.110 0.049 0.002 11.48 1.00 9.47 2.78 25.6 29.21 2.85 15.08 
16P 2430 2.50 0.015 0.066 0.040 0.002 44.8 4.29 7.87 3.83 8.9 19.58 3.8 6.9 
17P 2470 2.44 0.014 0.045 0.044 0.002 36.9 2.00 8.26 4.65 14.3 21.78 5.38 4.64 
19P 2490 — 0.016 0.040 — 0.002 31.0 4.43 9.80 5.40 16.9 19.66 4.50 8.50 
20P 2400 2.24 0.019 0.044 0.055 0.002 30.6 2.72 10.1 5.34 17.6 19.97 4.80 6.87 
22e 2480 — 0.016 0.048 — 0.002 19.9 1.43 10.5 3.01 23.8 25.83 2.85 15.08 
23P 2595 — 0.033 0.090 — 0.002 12.0 1.30 11.0 3.08 21.0) 27.52 9.0 9.44 
24P 2510 _ 0.024 0.042 — 0.002 16.4 1.3 iLL 4.51 27.6 25.16 4.64 9.28 
25P 2490 _ 0.033 0.037 a 0.002 19.0 1.72 11.91 4.67 23.6 24.70 4.80 9.60 
26P 2505 2.06 0.021 0.037 0.037 0.002 25.93 3.58 9.29 5.59 21.9 20.04 5.46 10.50 
Refinin 
1Rt . 2740 0.28 0.052 0.009 0.033 0.002 20.1 7.73 2.9 3.38 43.0 11.34 2.5 10.3 
1Re2 2890 0.05 0.030 0.006 0.026 0.002 26.83 8.01 2.39 2.57 36.7 8.98 2.5 10.3 
2R 2890 0.18 0.065 0.006 0.040 0.002 20.50 7.15 4.58 2.82 38.9 9.78 2.5 10.3 
3Ri 2765 0.15 0.092 0.009 0.033 0.002 12.6 5.0 4.13 4.16 46.8 12.62 OLS} 10.3 
3Re 2900 0.08 0.070 0.009 0.030 0.002 25.8 7.44 4.32 2.58 36.5 8.90 25 10.3 
4R 2735 0.22 0.042 0.006 0.039 0.002 21.00 9.45 3.22 2.36 40.4 12.08 2.5 10.3 
5R 2825 0.16 0.075 0.009 0.040 0.002 16.0 4.72 3.80 3.56 44.3 15.26 2.5 10.3 
6R 2755 0.40 0.068 0.012 0.035 0.001 13.6 5.43 3.10 3.26 45.5 13.18 2.5 10.3 
6Re2 2920 0.08 0.039 0.010 0.029 0.002 27.48 9.8 2.26 1.67 38.6 7.92 2.5 10.3 
8R 2810 — 0.081 0.019 — 0.002 14.3 5.15 4.20 2.85 38.6 16.96 2.5 10.3 
8Re 2947 0.05 0.042 0.009 0.040 0.002 22.32 7.58 3.42 2.15 35.9 12.73 2.5 10.3 
9R 2860 0.08 0.046 0.007 0.034 0.002 18.10 5.72 3.30 2.75 41.6 14.65 2:5 10.3 
9Re 2930 0.07 0.040 0.008 0.033 0.002 22.58 8.46 3.16 2.08 37.7 12.45 2.5 10.3 
10R 2825 — 0.033 0.007 —_— 0.002 25.20 8.20 3.10 1.88 40.3 11.36 3.00 12.90 
11R 2935 — 0.050 0.007 — 0.002 24.8 8.9 3.87 1.74 35.7 12:72 5.43 10.00 
12R 2840 — 0.06 — —_ 0.002 24.6 7.15 3.16 1.86 39.8 12.82 3.00 17.16 
12Re2 2870 — 0.058 0.007 — 0.002 24.9 7.9 3.48 75 Silla 12.82 5.43 10.00 
13R 2830 0.06 0.038 0.008 0.032 0.002 23.1 6.9 3.9 2.90 37.9 13.38 3.44 9.01 
14R 2925 0.06 0.03 0.006 0.034 0.002 25.48 8.94 2.71 1.72 36.4 11.24 1.78 17.10 
15R * 2910 0.06 0.025 0.008 0.033 0.002 31.8 12.4 3.7 2.06 Bah 7.60 1.78 8.02 
18R 2870 — 0.045 0.009 — 0.002 24.8 9.9 4.1 2.92 38.9 10.40 2.79 6.72 
19R 2755 — 0.086 0.007 —_ 0.002 16.7 5.71 3.81 3.18 43.2 13.76 3.44 9.11 
24R 2860 — 0.024 0.006 — 0.002 21.3 7.6 3.9 1.88 42.4 12.42 2.79 6.72 
25R 2855 — 0.121 0.012 —_— 0.002 22.7 10.3 3.16 2.0 36.1 13.16 2.79 6.72 
26R 2955 0.072 0.037 0.009 0.032 0.002 20.0 6.6 3.4 2.28 38.9 13.39 3.44 9.01 
27R 2865 0.13 0.075 0.007 0.036 0.002 16.77 4.72 3.29 2.14 42.5 14.51 2.46 10.27 


* Composite analyses. 
+ 15 min before to 15 min after end of flush. 


+ Numbers indicate individual heats, letters designate period of heat, and subscript 2 indicates the second of two samples taken. 


§ 15 to 45 min after end of flush. 
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In general, then, it appears that the slag and bath 
temperatures take the following courses: Early in 
the flush the bath is cool; and, although the slag is 
exposed to the very hot flame, it is kept relatively 
cool by being mixed violently with the metal. As 
the vigorous action subsides, the slag picks up tem- 
perature rapidly and will frequently rise to over 
2900°F. The temperature of the metal increases 
gradually from as low as 2400°F up to 2600° or 
2700°. As soon as lime begins to come up, the slag 
will cool down again. 

A few measurements in a relatively shallow- 
hearthed 250 ton furnace (35 in. maximum depth) 
showed that there was a much more rapid rise in 
bath temperature and generally there was a smaller 
difference between the slag and metal temperatures 
in the postfiush period than was the case with the 
deep-hearthed 205 ton furnace (48 in.). 


Table II]. Comparison of Temperatures and Temperature Gradients 
of Bath and Slag in Postflush Period 


Tempera- 
Tempera- ture Gradi- 
ture, °F ents, °F 
Heat 
No. Slag Metal Slag Metal Time and Period 
205 Ton Furnace 
353 2760 2550 60 — 10:50; Finish metal, 10:18; Finish 
flush, 11:00 
893 2630 2450 60 0 8:43; Finish metal, 7:25; Finish 
flush, 8:40 
2730 2530 120° 25 8:55 
2770 2540 60 10 9:15 
2810 2680 55 10 9:35 


6:40; Finish metal, 5:56; Finish 
flush, 6:35 

6:50 (See Fig. 9) 

3:15; Finish metal, 2:15; Finish 

flush, 3:00 

0 


891 2950 2650 = 


682 2950 2550 = =< 


2840 2560 — 3:4 
aa 2640 2530 —- — 1:35; Finish metal, 12:30; Finish 
flush, 1:35 


250 Ton Furnace 
352 2900 2460 —_—_- — 1:05; Finish metal, 12:17; Finish 


flush, 1:15 
348 2860 2610 100 50 6:50; Finish metal, 6:05; Finish 
flush, 6:50 
170 2700 2510 60 0 12:00; Finish metal, 11:15; Finish 
flush, 12:15 
2780 2560 13:15 
2900 2640 — 10 


The data and observations indicate that the tem- 
peratures and temperature gradients in the slag and 
metal in the flush and postflush periods are strongly 
influenced by physical conditions in the furnace. An 
ore charge which rises to the slag without reacting 
tends to cool the slag. A system in violent agitation 
will tend to keep the slag temperature down but will 
tend to bring the bath temperature up rapidly. All 
else being equal, it appears that a system having the 
larger hearth area per unit of metallics will tend to 
have the lower temperature differential. 


Use of Existing Correlations 

The first step in ascertaining whether or not a 
close approach to equilibrium is the dominant factor 
in determining the slag-metal distribution of phos- 
phorus and manganese in the late and postflush peri- 
ods is to make use of correlation methods which have 
been successful in treating other data that appear to 
represent equilibrium. Refining slags have shown 
themselves to be reasonably close to equilibrium,”*’ 
for phosphorus and manganese 20 to 40 min after a 
major addition to the furnace. As a result, the post- 
flush slag-metal systems in this study are correlated 
along with paired refining slags which were selected 
from the same heats and with refining slags from 
another study. 
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MIXTURE 


POSITION 


2600 2800 3000 
TEMPERATURE °F 


Fig. 2—Temperatures in slag and metal in postflush period 
are presented schematically. 


METAL 


Phosphorus: From equilibrium data, Winkler and 
Chipman® established the following equation and 
constant tor the distribution of phosphorus between 
a vatn or carbon-iree iron and basic slags* 


* Conventionally, CaO’ is available lime, ( ) designates slag 
components, and |_ ] designates metal components. 


2[Pct P]+5[Pct 0] +4(CaO’) =(4CaOXP,O;) [1] 
(4CaO x 
Leet P eet O}°(Cad’)! 
71,667 
= 


log K, = log 


Eq. 1 and constant (Eq. 2) have been modified to 
apply to the basic open hearth system* as follows 


2[Pct P] +. 5(FeO) + 4(CaO’)=(4CaO x P.O;) [3] 
(4CaO x P.O.) 


[Pct 
40,067 
= 


log log 


Herasymenko and Speight* have presented an ionic 
treatment of slags. Based on Winkler and Chipman’s 
data, they established the following constant 


SS 
[Pct (07) [5] 


14,660 
log K*,, =‘7(Ca**) + 


The flush slag data from Table II are applied to 
Eqs. 4 and 6 with the results as shown in Figs. 4 and 
5. Fig. 4 shows Winkler and Chipman’s curves for 
2910°F, extrapolated towards the acid side. If the as- 
sumptions of slag behavior inherent in the Winkler- 
Chipman treatment’ are still valid in the vicinity of 
2500°F, the phosphorus distribution ratio 


(4 CaO x P,O,) 
[Pct P]? 


may be expected to be approximately 10° times as 
great for a given slag at 2500°F (the average bath 
temperature in this study), as at 2910°F. Thus, in 
Fig. 4if an equilibrium condition is being approached 
for the data plotted, it would appear that the ap- 
parent temperature for this equilibrium is nearer 
2900° than 2500°F. It must be recognized that the 


R= 
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Fig. 3—Temperature trace shown was taken as thermocouple was 
lowered through slag and moved in bath, 55 min after hot metal 
was added in 205 ton furnace, heat No. 891. 


system is not in thermal equilibrium. These rela- 
tively acid slags, when plotted according to Eq. 6 
on Herasymenko and Speight’s* plot (Fig. 5), also 
indicate that it is possible to interpret the data as 
representing equilibrium at approximately 2900°F. 
From the follow-up study of slag and metal tem- 
peratures on this furnace, it appears that it is more 
pertinent to think of the slag temperature than the 
metal temperature. Plotting these same data as log 
K’, (Eq. 4) vs 1/T also tends to verify the view- 
point that there is an apparent temperature of equi- 
librium which lies very close to the approximate 
slag temperature. The three methods of treating the 
data are all related and, consequently, really give 
only a single comparison with established equili- 
brium conditions from other studies. 

It is considered probable that the distribution of 
phosphorus between slag and metal is very close to 
equilibrium, based on the estimated average slag 
temperature in the late and postflush periods be- 
cause: 

1—With the exception of the effect of metal tem- 
perature, the data fall quite consistently on estab- 
lished correlation plots. 

2—The apparent temperature of equilibrium from 
the methods of correlation is very close to the tem- 
perature of the body of the slag (approximately 
2900°F) as measured on several very similar heats 
in the early postflush period. 

3—The manganese and phosphorus contents of 
the metal reach low levels late in the flush period. 
Subsequently, levels of these components in the bath 
gradually increase as slag oxidation drops due to 
carbon removal (Fig. 1). It is felt that this reversal 
of direction of net movement indicates strongly that 
equilibrium has been reached. The exchange of 
these components from the slag to metal could well 
be controlled by the slag temperature rather than 
the bath temperature, because it has been found 
that the level of oxidation of the slag rather than the 
level of bath oxidation is of paramount importance 
in the refining reactions.' Also, phosphorus and 
manganese are relatively high in the slag and low in 
the bath. It must be noted that this is the reverse 
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HUNDREDS OF FAHRENHEIT 
21 22 23 24 25 Ay 27 28 29 30 
POSITION OF THERMOCOUPLE 
1. High in slag 
-—T 2. Low in slag %) 
3, Low in metal 
4. High in metal 
5. Thermocouple removed 
HUNDREDS OF DEGREES FAHRENHEIT \ 
T t 
21 22 23 24 25 26 27 28 29 30 
TEMPERATURE \ 


of the condition early in the flush when the metal 
is high in these two components while the slag is 
low. 

4—The transfer of phosphorus from slag to metal 
was shown to take about 15 min to reach equilib- 
rium in an induction furnace.*® The violent agitation 
of metal and slag in the flush period in the open 
hearth probably ensures as good or better mixing. 
Early in the flush in the open hearth furnace, the 
transfer of phosphorus is from metal to slag but 
later it apparently reverses and takes place from 
slag to metal as was the case in the induction fur- 
nace work. The smooth and consistent increase and 
then decrease of phosphorus in the slag accompa- 
nied by a corresponding decrease and then increase 
in phosphorus content of the metal indicates that 
the rate of approach to equilibrium is fully as fast 
in the open hearth as in the induction furnace. 

5—Conditions during the refining period are not 
greatly dissimilar to those during the late and post- 
flush period. It has been demonstrated that refining 
slags approach equilibrium with regard to phos- 
phorus quite closely.‘ Major differences are that 
during the flush period the carbon content of the 
metal is high rather than low and the slag FeO is 
changing rapidly rather than slowly. 

Manganese: Darken and Larsen’ have correlated 
the manganese distribution between slag and metal 
in a large number of basic open hearth heats by the 
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Fig. 4—Dephosphorization ratios in postflush period are shown. 
. Curves are from data of Winkler and Chipman.® 
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Fig. 5—Postflush dephosphorization was correlated by Herasymenko’s* 
method. 
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and Larsen’s points than if they were based on the 
measured bath temperatures. 


Proposed Manganese Correlation 
Since Darken and Larsen’ proposed their correla- 
tion (Fig. 5), much more information has been ac- 
cumulated on the behavior of basic open hearth- 
type slags. Taylor and Chipman’ have established 
the activity surface of (Fe,O)?+ over a portion of the 


(CaO) 4(P20.) 
(SiO) 


Fig. 6—Postflush manganese chemistry was correlated by Darken 
and Larsen’s* method, and selected data from Darken and Larsen 
were used. 


method shown in Fig. 6. The method of correlation 
is that proposed by them but the points contained 
in the figure are calculated only from data in ref. 2 
for which slag temperatures were available. As a 
consequence, Fig. 6 is not a duplication of Fig. 1, 
ref. 2. It is quite evident that the data from operat- 
ing furnaces show a rather large spread which may 
result from lack of precision in chemical analyses, 
from lack of adequate data on temperatures, and 
perhaps, in some cases, from lack of a stabilized 
system such as a raw slag. [Pct Mn] obtained for 
Fig. 6 was calculated as follows 


[Pct Mn] Seed, [7] 
(G n ealculate = . 


(FeO,) is the mol fraction of ferrous oxide calculated 
from the total oxygen combined with iron. 
Ky»ncxo) is the constant for the reaction 


[Mn] + (FeO,;) = (MnO) + [Fe] [8] 
according to Korber and Oelsen’® where 
MnO 
Mn ( ) [9] 


~ (FeO,) [Pct Mn] 


Korber and Oelsen established that in simple oxide 
slags the activities of (MnO) and (FeO,) are pro- 
portional to their molar concentrations in the slag 
and that the activity of manganese in the metal is 
proportional to [Pct Mn]. The activity of iron closely 
approaches one. 

The postflush data (Table II) are entered in Fig. 
6 with [Pct Leet determined 
from Kn»nxo, at the respective bath temperatures. 
The same data are recalculated using the constant 
for the approximate slag temperature. These tem- 
peratures are obtained by adding 400°F to the bath 
temperature in each case. This method of correla- 
tion is not considered sensitive enough to show how 
closely manganese distribution between slag and 
metal approaches equilibrium. In addition, the flush 
slags reported here fall at the edge of Darken and 
Larsen’s range of basicity. All that can be said 
about the flush data being considered is that they 
correlate reasonably well with refining slags which 
probably closely approach equilibrium with the bath 
with respect to manganese. Points based on the esti- 
mated slag temperatures show less spread and fall 
more closely within the range established by Darken 
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7FetO is the total iron of the slag calculated to FeO (Fe:O = 
FeO + 2Fe2O3). FeO: is the total oxygen combined with iron cal- 
culated to FeO (FeO; = FeO + 3Fe203). 
(CaO + MgO) -SiO.-Fe,O system. In addition, Chip- 
man, Gero, and Winkler’ have redetermined the 
value of Ky, (Eqs. 8 and 9) as follows for steel- 
making temperatures 


6440 
log — 2.95. [10] 
Eq. 9 is more properly written 
a (MnO) xX a[Fe 
ene ( ) [Fe] [11] 


a (Fe,O) a [Mn] 


The equation can be simplified and altered as shown 
with the following modifications 


(MnO) [12] 
a (Fe,O) [Pct Mn] 
a [Fe] approaches 1, a [Mn] = [Pct Mn], and 
a (MnO) = (MnO) yomo. Knowledge of a slag- 
metal system at equilibrium permits the calculation 
of y(MnO) 


y (MnO) = 


10) Kun [eect Mn Jobservea 
(MnO) 


In order to use Eq. 13, the quantity dure, is re- 
quired for each slag. This was obtained from Fig. 7 
which is based primarily on Taylor and Chipman’s’® 
data and on Winkler and Chipman’s® results. The 
Fe,O-SiO, side was recalculated from Schuhmann 
and Ensio’s* and Gokcen and Chipman’s’ data. Activ- 
ity of Fe,O on the CaO-Fe,O side was calculated 
from Taylor and Chipman’s® curves extrapolated to 
this side. All of these sources were interrelated. 
Publication elsewhere of the results is expected soon. 

Fig. 8 shows data from basic open hearth-type 
slags calculated according to Eq. 13 and plotted 
against slag basicity. The points from Winkler and 


[13] 


OF. 0 


0.2 


Fe,O 


Fig. 7—Activity of Fe:O in CaO (bases)-SiO2 (acids)-Fe;O system 
is shown, based on data of Taylor and Chipman,? Winkler and 
Chipman,’ Schuhmann and Ensio,* and Gokcen and Chipman.° 
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Chipman*® are only those which fall in the range of 
usual basic open hearth slag analyses. The selected 
points calculated from Darken and Larsen’s data’ 
which appear in Fig. 6 are also shown here. Fur- 
nace data from Tenenbaum? are included as well.§ 


+ Private communication. Data are used in Figs. 17 through 21, 
ref, 1. 

§ Darken and Larsen’s data are calculated to the present correla- 
tion by means of the following equation which can be derived from 
Eqs. 9 and 13 
[Pct Mn Jovservea | Kun 

{14] 


Y(MnO) ~ [ 


[Pct Mn Jeatculated (Fe,O) 


The scatter in the data is very large, both for the 
operating furnaces and the laboratory studies. This 
may result in part from a lack of high precision in 
the analytical procedures such as in determining 
low manganese contents in the metal bath. It also 
stems from the fact that this correlation ignores the 
fact that the activity coefficient of MnO will vary 
with basicity (see Fig. 9). Thus, as will be shown 
later, some spread in the data in Fig. 8 would result 
even if there was no experimental error. The data 
from these two papers are for the most part from 
slags carrying 0.01 to 0.03 mol fraction of MnO. The 
Yamo) Curve is brought down sharply from 3 to less 
than 1 in crossing the basicity line of 2 in the direc- 
tion of higher to lower basicity. The change in the 
behavior of (MnO) in this region of the dicalcium 
silicate-(Fe,O) pseudo-binary is similar to what 
would be expected for lime. However, the change 
is somewhat less marked, probably because lime is 
considered to be a much stronger base than is MnO. 

Data for the MnO-SiO, system” are also shown in 
Fig. 8. It is probable that with a basicity ratio of 
less than 1, MnO will function as a reasonably 
strong base. From that point to silica saturation, 
(MnO) = 0.44, yamo, equals about 0.25. Using this 
as a guide to the behavior of MnO in the somewhat 
acid range, the curve representing yomo, is brought 
in tangent to the open hearth line below a basicity 
of one. 

The heavy line from Fig. 6 can be calculated to 
fall on Fig. 8 by Eq. 14. It converts as a band (not 
shown) which follows the dashed line. The breadth 
of the band is a result of the variation of yore,o (Fig. 
10) along each line of constant basicity in the ter- 
nary composition system. yore; is found by dividing 
the real value of dare; by Nee. The band is very 
narrow at B/A equals one; it spreads over a range 


TRANSACTIONS AIME 


jf two units in the range of B/A equals two and 


narrows again for higher basicities. 

The points for the slag-metal systems during and 
after the flush period are grouped closely about the 
location of the line from Bell, Murad, and Carter’s” 
data and the curve sketched in Fig. 8. These points 
were computed using the estimated slag tempera- 
tures. The same data calculated using actual bath 
temperatures have values of yamo,) approximately 
three times those shown. If the argument that the 
slag temperatures are controlling in the manganese 
reaction is accepted for the same general reasons as 
proposed in the case of phosphorus, then these data 
are reasonably consistent with other data which are 
at or very close to equilibrium. It thus appears that 
manganese distribution in the flush and postflush 
periods may be rather close to equilibrium which is 
controlled by the slag temperature. 


Discussion 


The study of conditions existing during the flush 
and postflush periods of basic open hearth opera- 
tions has focused attention on the generally known 
fact that the slag is not in thermal equilibrium with 
the bath. In the furnace studied, the slag is ap- 
parently much hotter than the metal by a matter of 
300° to 400°F. In other furnaces the differential 
may be somewhat smaller but the slag temperature 
is still close to 2900°F. A large number of tempera- 
ture measurements in the furnace showed very little 
difference in the bath temperatures from heat to 
heat during the period discussed. This is in spite of 
widely differing types of scrap charged; different 
melt-down conditions, and different charge oxides. 

The rapid carbon drop during the postflush period 
indicates quite clearly that the slag-metal system is 
far from equilibrium with respect to carbon. 

During the early period of flush, it appears that 
silicon, manganese, and phosphorus are removed 
somewhat in the order of the stability of their 
oxides. Because of the strong oxidizing action of 
the charge ore, mass transfer of these elements from 
metal to slag is very rapid and the periods for re- 
moval of the elements overlap. 

During the flush the strongly oxidizing ore drives 
manganese and phosphorus into the slag. As a re- 
sult, in the postflush period when the oxygen level 
of the slag is dropping and the temperature is rising, 
there is a slight reversion of these two elements 
from the slag to the metal. At this point, the system 
appears to be quite close to chemical equilibrium 
and may be able to stay so because of the small 
mass transfer of phosphorus and manganese which 
is necessary to adjust for the continuing decrease in 
slag oxidation. As pointed out previously, there are 
a number of reasons why the system may be close 
to equilibrium with regard to manganese and phos- 
phorus in spite of the fact that it is not with respect 
to temperature, carbon, and oxygen. With the small 
net transfer of manganese and phosphorus being 
from slag to metal at this period, there seem to be 
reasonable arguments for the case that slag tem- 
peratures should be controlling. Although large 
temperature gradients are known to exist between 
slag and metal, the apparent equilibrium tempera- 
ture obtained from the phosphorus data appears to 
be very close to the slag temperature. Calculations 
for the manganese distribution tend to bear out the 
conclusion from the phosphorus data. 

A little data thus far collected indicate that the 
conditions described herein for phosphorus and man- 
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ganese during and after the flush may also apply 
shortly after the addition pf hot metal in scrap heats. 

A further commentary on Fig. 8 may be of interest. 
The various points for the; experimental flush, post- 
flush, and finishing slags are shown on a portion of 
the composition triangle in Fig. 9 and lines of con- 
stant yamo) are drawn. Some of the spread of the 
points in Fig. 8 results from the isoO-yamo) curves not 
being parallel to the lines of constant basicity, Fig. 9. 
It must be recognized that this plot assumes that the 
points from the postflush slag data which fall along 
the line of yemo) = 0.3 are at equilibrium. 

The isoactivity coefficient lines in Fig. 9 demon- 
strate that the tendency toward association of CaO 
with SiO, dominates the system. Similarly to (Fe,O), 
Fig. 10, (MnO) has the area of the highest activity 
coefficient in the region between the binary lines 
connecting 3CaO-SiO, and 3CaO-2SiO. with the 
Fe,O apex. MnO shows its basic behavior on the 
acid side because the activity coefficient surface 
drops rapidly as the line of B/A = 1 is approached. 
In comparing the activity coefficients of MnO and 
Fe,O in this composition range, it is noted that the 
maximum observed value for yamo) 1s approximately 
three, while yare:o is over four. The displacement of 
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Fig. 9—Estimated iso-ycano) curves are shown as a function of 
composition in basic open hearth-type slags in a portion of bases- 
acids-Fe:O system. 
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Fig. 10—Isoactivity coefficient lines for FeO were calculated from 
data given in Fig. 7. 
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the ridge for (MnO) toward the bases corner as 
compared to that for (Fe,O) tends to indicate that 
MnO is a stronger base than is Fe,O. 

Conditions of violent mixing of slag and metal 
and the presence of undigested lumps of lime in the 
slag which occur during the lime boil thus far have 
prevented a study of conditions with regard to man- 
ganese and phosphorus during this period. 


Summary 

Data are presented which tend to indicate that 
phosphorus and manganese distributions between 
slag and metal closely approach equilibrium toward 
the end of flush and just after flush in the basic open 
hearth furnace. The apparent temperature for these 
equilibria appears to be much closer to the average 
slag temperature than to the bath temperature. At 
this period in the heat, a temperature difference of 
as high as 450°F may exist between the two phases. 
This difference is strongly dependent on the furnace 
system itself and the particular conditions prevail- 
ing in each heat. 

The effect of slag composition on the activity co- 
efficient of MnO in the slag is estimated. 
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Effect of Sinter Mix Composition and Additives on the Quality 
Of Blast Furnace Sinter 


by E. C. Rudolphy, C. W. Boquist, and D. J. Carney 


_Effect of variations in sinter feed composition on sinter strength, bulk density, re- 
ducibility, chemical composition, and microstructure were determined by sintering experi- 
mental samples on a production sintering machine. Increasing amounts of roll scale, ore 
fines, return fines, and blast furnace slag were most beneficial to feed permeability, 
sinter bulk density, and strength. Burnt lime additions improved feed permeability but 
were not beneficial to sinter strength or bulk density. Sinter reducibility was adversely 


affected by all additives. 


| of methods for evaluating sinter 
quality, which would in some way predict the 
behavior of the sinter during charging and smelting 
in the blast furnace, has been given considerable 
attention in recent years. In a previous investiga- 
tion at South Works of the United States Steel Corp., 
standard sinter sampling and testing procedures 
were developed.” By modifying the sinter sampling 
device, a method of sintering experimental mix sin- 
ter samples upon a production Dwight-Lloyd sinter- 
ing machine was also developed. This technique 
afforded a rapid and controlled method of investi- 
gating the effects of the various raw materials and 
additives on sinter quality and was used in this 
present investigation. 

Since the beginning of the present study in 1953, 
the results of numerous sinter investigations have 
been published, most of which were concerned with 
production tests of iron ore sinter, both here and 
abroad. Three groups of investigators reported re- 
sults of experimental sinter studies that were related 
to this investigation. Voice et al.* studied the effects 
of controlled variables on sinter quality by produc- 
ing and testing experimental Northants iron ore 
sinter using an experimental sintering unit. Mor- 
rissey and Powers* determined the relationship be- 
tween iron ore sinter quality and the moisture and 
coke content using a small laboratory sintering sys- 
tem. Burlingame et al.’ studied the effects of “addi- 
tives” upon iron ore sinter using a laboratory sinter- 
ing apparatus and laboratory grade raw materials. 

At South Works, it was considered desirable to 
study the effects of sinter mix composition and addi- 
tives upon the quality of a flue dust-base sinter pro- 
duced on a production sintering unit. Extrapolation 
of controlled laboratory test data to sintering plant 
operation lacking such precise control is not alto- 
gether satisfactory. Therefore, the present study 
was conducted in a manner which approximated 
production conditions as closely as possible. The 
raw materials used were those commonly encoun- 
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Fig. 1—Raw materials for experimental sinter feed were mixed 
by this miniature single shaft pug mill. 


tered in the production of flue dust and flue dust 
ore-type sinters and these were varied within ex- 
tremes encountered in this type of sinter production. 


Experimental Procedure 

The experimental sinters were produced from 100 
lb mixtures of sinter feed. The principal raw mate- 
rials and additives used, their particle size, and 
approximate chemical composition are listed in 
Table I. 

The mixing of the raw materials was accomplished 
by means of a miniature single shaft pug mill shown 
in Fig. 1. The use of the pug mill as a mixer was 
decided upon after encountering difficulty in repro- 
ducing the mixing and chopping effect of the sinter 
plant pug mill with other types of available small 
mixers. The miniature pug mill was constructed, 
consisting of 344x2x™% in. blades spaced 3 in. apart 
along a 3 ft shaft. Preliminary tests were run with 
this small mixer to establish the proper rotation 
speed and the required number of passes through 
the pug mill to thoroughly mix and distribute all 
the raw materials in a manner approximating the 
production pug mill. 

Although the effects of varying the mosture con- 
tent were determined in one particular series of 
tests, the amount of moisture added was changed as 
the composition of the experimental mix was varied. 
The aim in making water additions was to achieve a 
permeability as high as possible for each particular 
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Table |. Basic Raw Materials and Additives Used in Producing Experimental Sinters 


Chemical Composition, Wt Pct 


Particle 
Material Fe CaO MgO Cc Size Remarks 
Flue dust, current 54.18 10.49 3.22 Zale 0.36 4.73 { 100 pet Stock dust has 
Flue dust, stock 53.14 10.75 2.07 2.01 0.53 5.08 —20 mesh been stored in 
open air for 
longer than 
6 months 
Filter cake 49.28 14.50 3.34 3.09 0.42 5.24 90 9G 150 
es 
Oliver 3 ore fines 59.59 5.29 53 0.10 0.06 _ 100 pct —0.371 
in. scree 
Roll scale 70. 0.5 to — = — — 100 pet —0.371 Normal mill roll 
0 in. screen scale 
Return fines Analysis similar to that of sinter 100 pet —0.371 
in. 
rnt lim 0.4 93. 0 —8 mes. 
99.5+ — — —200 mesh Finely divided 
silica flour 
Alumina 98.+ _ —20 mesh Alcoa alumina 
Magnesia 0.27 3.8 0.5 1.2 91.2 — —8 mesh “Permanente 165 
Granulated blast 0.40 40. 10. 43. 3.5 — —0.371 in. From a basic 
furnace slag screen iron furnace 
Coke breeze (5 to 10 pet volatiles; 10 to 12 pct ash) eo —8 mesh Used as fuel 
5 


group of raw materials within a given series of 
mixes. 

An attempt was made to maintain a carbon con- 
tent at 6 pct in all mixes by using coke breeze. Small 
variations in carbon content of the experimental 
mixes were caused by fluctuations and heterogeneity 
of the flue dust and filter cake used as raw materials. 
In one series of mixes, the carbon content was pur- 
posely varied to study its effects. This was accom- 
plished by using a flue dust with a known low 
carbon content and adding coke breeze as required. 

In the initial stages of this investigation, the ex- 
perimental samples were sintered on the Dwight- 
Lloyd sintering machine in boxes as described in 
the previous investigation." This method consisted 
of forming a box made of thin gage black iron sheet 
and fitting the box around a frame of the type used 
to obtain normal production sinter samples. The 
boxed sample frame was placed on an empty grate 
of the sintering machine ahead of the swinging 
spout and the experimental sinter feed placed within 
it. Care was taken to allow good distribution with 
some coarse material being placed as a hearth layer. 
Excess feed was piled on top to avoid contamination 
by the production sinter feed, this excess being re- 
moved as the bed was leveled. The sample was then 
allowed to sinter under normal production pro- 
cedures. It was discovered that the sheet iron around 
the sample created a favorable passage for the air 


Fig. 2—The removable stainless steel box shown in the center of the 
photograph was used for placement of the experimental sinter feed 
on the production Dwight-Lloyd sintering machine grates. 
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stream, and this condition caused top and edge sin- 
tering only, leaving a cone of unsintered material in 
the center. This condition was rectified by using a 
removable stainless steel box, Fig. 2, which allowed 
the use of the production feed as support for the 
experimental feed. Upon removing the frame, pro- 
duction sintering conditions were fully attained. 
The use of the sampling frames”’ for support and 
removal of the sintered sample was satisfactory. 

Testing of Experimental Sinter Feed and Result- 
ant Sinter: The moisture content of the experimental 
sinter feeds was determined by loss in weight upon 
drying a representative sample at 150°C. The dried 
sample was submitted for chemical analysis. 

The permeability of each experimental sinter feed 
was measured on a Dietert No. 320 permeability 
meter commonly used to test permeability of foun- 
dry sands. This instrument provided a rapid and 
simple permeability determination of acceptable ac- 
curacy for testing a material as heterogeneous as 
sinter feed. The index of permeability was simply 
the average reading obtained by testing five samples 
of the feed in the permeability meter. Increasing 
numerical permeability readings indicated increas- 
ing relative permeabilities. Each group of raw ma- 
terials tested had inherent permeability characteris- 
tics, and the maximum permeability for any given 
series of experimental sinter feed was achieved by 
means of the water addition. 

After sintering, the experimental mixes were al- 
lowed to air cool. All samples were tested for 
strength by using the 200 rpm tumbling and screen 
analysis test, the single index of strength being the 
“median particle size” in inches after tumbling and 
screening.’” After the sinter strength had been de- 
termined, bulk density determinations were made 
on each sample, the results being reported in pounds 
per cubic foot. 

Reducibility tests were run on all sintered sam- 
ples in order to note the effect of raw materials or 
additives on reducibility. The loss in weight method 
of testing the reducibility of an aliquot 1 lb sample 
from the tumbling test was used. The time required 
for 90 pct weight loss in hydrogen at 800°C was 
used as the index of reducibility as described pre- 
viously.* 

Microscopic examination was made of representa- 
tive particles from all sinter samples before and 
after reduction. The microstructure, oxide grain 
size, nonferrous oxide constituents present, and 
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extent of reduction were determined. Chemical 
analyses were made where variations in sinter feed 
constituents might change the chemical composition 
of the sinter considerably and thereby affect sinter 
strength, reducibility, or bonding characteristics. 


Results and Discussion 

The raw materials used in this study were flue 
dust (current and stock), filter cake, return fines, 
ore fines, and roll scale. The additives used were 
burnt lime, coke, silica, alumina, magnesia, and blast 
furnace slag. 

The composition of all experimental sinter feeds 
produced are summarized in Table II. The proper- 
ties of these sinter feeds and of the resultant sinters 
produced are summarized in Table III, all pertinent 
chemical analyses being shown in Table IV. In 
addition, the properties of the various types of sinter 
are presented graphically in Figs. 3 through 7. 

Effect of Mixing Raw Materials: In the initial 
studies with the small pug mill, it was discovered 
that raw material mixing is of great importance in 
the sintering process. Efficient mixing is especially 
important in the case of a flue dust sinter because 
the large globs of filter cake normally discharged 
onto the main sinter feed conveyer must be chopped 
into small pellets if the cake is to be sintered and 
also be efficient in promoting better feed permeabil- 
ity. The preliminary tests with the small experi- 
mental pug mill established that rotation speeds 
between 100 and 200 rpm were satisfactory. High 
speeds (500 rpm) broke the filter cake up into such 
small pieces that all benefits resulting from its addi- 
tion were lost, and an actual loss in feed permeabil- 
ity took place. Prolonged repetitive mixing at slower 
speeds had a similar effect. Therefore, each mix was 
put through the pug mill six times at the 100 to 200 
rpm speed. This was sufficient to reduce the filter 
cake to suitably sized pellets and to thoroughly mix 
and distribute all raw materials similar to produc- 
tion mixing. The pelletizing of materials such as fil- 
ter cake and the distribution of these and other 
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Fig. 3—The effects of increasing additions of the various raw 
‘materials and additives on sinter feed permeability are sum- 
marized. Graph A shows the effect of raw material additions 


and B, additive. 
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coarse materials homogeneously throughout the mix 
were found to be imperative for obtaining maximum 
permeability and sinter quality. This was shown 
very early in this study when a Simpson blade-type 
mixer was used for mixing the raw materials. In- 
complete mixing and little pelletizing took place and 
the resultant experimental sinter was heterogene- 
ously and incompletely sintered. This led to the ex- 
perimentation with, and use of, the small pug mill 
as a mixer. 

Experimental Sinters: From the previously men- 
tioned list of raw materials, two standard experi- 
mental sinters were produced in order to obtain a 
series of standard property indices to which the 
remaining experimental feeds and sinters could be 
compared. The two standard compositions were 
typical of the two basic types of production sinter 
mixes encountered at South Works. These were, 
namely, a mixture containing approximately 20 pct 
ore fines and a mixture containing no ore fines. The 
properties of the two sinters were quite similar, and 
the averages were used in the subsequent compari- 
sons (Table III). The permeability of the feed—165, 
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the strength of the sinter—0.22 in. median size, the 
sinter reducibility index—170 min, the microstruc- 
ture (Figs. 8a and 8b), and chemical analysis of the 
standard experimental sinter were similar to the 
normal flue dust sinter produced at South Works. 
The similarity in the properties of the two standard 
sinters and in the properties of subsequent samples 
whose composition approximated that of the stand- 
ard was quite apparent and indicated the good re- 
producibility of the experimental technique used in 
the present study. Some of the reproducibility 
checks made are shown in Table III. 

Permeability of Experimental Sinter Mixes: The 
effects of the various raw materials and additives 
on the permeability of sinter feed are summarized 
graphically in Fig. 3. 

Of the various raw materials used, increasing 
additions of ore fines, roll scale, and return sinter 
fines had the most beneficial effects on sinter feed 
permeability. As shown in Fig. 3, additions of as 
little as 10 pct roll scale increased permeability 
above the standard. It was necessary to add 30 pct 
ore to achieve similar results. The use of a larger 
than normal (20 pct) amount of return fines achieved 
improved permeability, but the use of such large 


amounts of returns would not appear to be eco- 
nomical where supplies of roll scale or ore fines or 
other additives are available. 

In the case of the foregoing raw materials, all 
three materials had particle sizes coarser than the 
other raw materials used in the respective sinter 
mixtures. The increase in the amount of coarse 
material added to the mix is the reason, therefore, 
for the increase in permeability. These three mate- 
rials also had the same maximum particle size, 
—0.371 in. screen. This further emphasizes the bene- 
ficial effects of using small additions of roll scale 
(10 pet) compared to much larger additions of 
either ore fines or return fines. 

It was noted that additions of filter cake, up to 
30 pct, also increased permeability. In this case, the 
improved permeability was attained only when ade- 
quate mixing was exercised. Mixing broke the filter 
cake into small pieces and these pieces acted as 
nuclei for pellet formation. The high moisture con- 
tent of mixes with more than 30 pct filter cake de- 
creased the permeability of these mixes and thereby 
lowered the quality of the resultant sinters. 

Of the various additives tested, only burnt lime 
and granulated blast furnace slag affected any im- 


Table II. Composition of Experimental Sinter Feeds 


Constituents, Wt Pct* 


Experimental Flue Filter Return Ore Roll Blast Furnace Stock SiO» AlOs MgO Burnt 
Sinter No. Dust Cake Fines Fines Scale Slag Dust (Added) (Added) (Added) Lime 
Standard ‘‘A”’ 47 20 20 — 
Standard “B”’ 27 20 20 20 
121 58 10 20 
122 48 20 20 
123 43 25 20 
124 38 30 20 
125 33 35 20 
126 28 40 20 
127 18 50 20 
131 38 20 20 10 
132 28 20 20 20 
133 18 20 20 30 
134 8 20 20 40 
135 —_— 20 20 50 
136 20 70 
141 38 20 20 — 10 
142 28 20 20 —_ 20 
143 18 20 20 — 30 
144 8 20 20 — 40 
151 47 20 20 — —_— 4 
152 45 20 20 — —_ 6 
153 43 20 20 — -_— 8 
154 41 20 20 — — 10 
155 39 20 20 — _— 12 
161 38 20 20 — —_— — 10 
162 28 20 20 — —_ — 20 
163 18 20 20 — _ — 30 
164 8 20 20 _ — — 40 
165 — 20 20 50 
166 — 10 20 — — — 60 
171 45 20 20 — 2 
172 43 20 20 4 
173 41 20 20 — 6 
181 45 20 20 — — — — = 2 
182 43 20 20 4 
183 41 20 20 — 6 
192 43 20 20 ons = 4 
193 41 20 20 — — — = aes = 6 
201 52 20 15 
202 47 20 20 
203A 37 20 30 
203B 37 20 30 
204A 27 20 40 
204B 27 20 40 
205 17 20 50 
211 16 20 20 30 — 1.6 
212 16 20 20 30 — — — 2.4 
213 15 20 20 30 — — 32 
214 14 20 20 30 — — —S = fas ee 4.0 
215 13 20 20 30 — 48 
Coke Breeze 
221 47 20 20 
222 47 20 20 1.0 
223 47 20 20 1.5 
224 47 20 20 2.0 
225 47 20 20 2.5 
226 47 20 20 3 
227 47 20 20 3 
228 45 20 20 3 


* Balance of composition was moisture and coke breeze. 
of approximately 6 pct. 


Sufficient coke breeze was added to each feed to attain a total carbon content 
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provement in feed permeability. Although the burnt 
lime increased permeability, it did not enter into 
complete solution upon sintering and had detri- 
mental effects on other properties which made it 
unsuitable as an additive. However, granulated blast 
furnace slag allowed improved permeability and 
had other beneficial effects on sinter quality which 


would make this material beneficial as an additive - 


in small quantities. Further discussion of these mate- 
rials is made later in the text. As in the case of 
the raw materials discussed previously, it is believed 
that the particle size of these additives was the 
significant factor in increasing sinter permeability. 
Of the two materials, the slag was only slightly more 
coarse than the burnt lime, both being —0.371 in. 
in size. 

Increasing additions of SiO., Al,O,, and MgO 
caused some decrease in sinter mix permeability but 
this was attributed primarily to the fine particle 
size. The bulk of these materials was of a sufficiently 
small particle size (—8 to —200 mesh) to cause a 
small reduction in permeability with increased addi- 
tions. Additions of carbon did not materially effect 
permeability. 

In each case where an addition of a raw material 
or additive has changed the sinter feed permeability, 
the effect of the particle size of the addition has been 
evident. The sinter properties, however, are affected 
principally by the composition of the addition and 
to only a minor extent by the particle size of the 
addition. 

The moisture content of most of the mixtures 
studied in this investigation ranged from 10 to 13.5 
pet. Variations within this range, however, were 
dependent upon the raw materials used in a given 
mixture. For example, sinter feeds containing larger 
amounts of roll scale, return fines, and ore fines 
required less moisture for increased permeability, 
primarily because of their coarse particle size. Since 
moisture additions were made to attain the highest 
permeability possible for a given mix, control of the 
moisture content could not be held constant through- 
out the investigation. The important effect of mois- 
ture content upon permeability was exemplified in 
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the filter cake series; see Table III. There was an 
optimum moisture range above and below which 
permeability and sinter strength decreased. The 
effect of moisture, however, cannot be completely 
divorced from the effects of mixing, for in this case 
had the feed not been properly mixed the pellets 
would not have formed, the moisture would have 
been poorly distributed, and permeability decreased. 
On the other hand, with moisture contents above or 
below the optimum range, with or without proper 
mixing, the permeability was too low for thorough 
homogeneous sintering. 

Strength of Experimental Sinters: The effects of 
the various raw materials and additives upon ex- 
perimental sinter strength are summarized in Figs. 
4A and 4B. 

It is demonstrated in Fig. 4 that increasing addi- 
tions of ore fines, roll scale, and return fines mate- 
rially increased sinter strength. Additions of stock 
flue dust and up to 30 pct filter cake also were bene- 
ficial to sinter strength. 

The use of 10 to 20 pct roll scale was more bene- 
ficial to strength than 30 to 40 pct of any other raw 
materials. Significant improvement in sinter strength 
from the use of ore fines was not attained until 40 
pet of the mixtures consisted of ore fines. This sug- 
gests that adding small amounts of ore fines to a 
flue dust-base sinter mix might not be desirable in 
some cases. 

The use of 30 to 40 pct return fines to increase 
permeability and strength might not be as economical 
as the use of lower amounts of other materials such 
as roll scale and ore fines when these latter mate- 
rials are available. If such materials as these are 
not available or if fine concentrates or other mate- 
rials are being sintered, the use of up to 50 pct 
returns could be highly beneficial, both from a 
quality and economic viewpoint. High percentages 
of returns will increase permeability and conse- 
quently the rate of sintering in such cases. This 
should more than compensate for the large recir- 
culating load required. 

Increasing additions of stock dust also yielded a 
small increase in strength. The reasons for this effect 
were not altogether clear. The explanation proposed 
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Fig. 7—Effect of increasing additions of the various raw mate- 
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marized. Graph A shows the effect of raw material additions 
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Table Ill. Summary of the Properties of Experimental Sinter Feeds and Sinters 


Experimental Feed Properties* 


Experimental Sinter Properties 


Reducibility 
Experimental Moisture, Permeability Sinter Strength, Bulk Density, Index, Time For 
Sinter No. Wt Pct Index Median Size, In. Lb Per Cu Ft 90 Pct, Min 
Standard A 11.3 161 0.23 101 180 
Standard B Ae: 170 0.21 104 159 
121 8.9 91 NS+ — — 
122 154 0.22 101 167 
123 12.9 171 0.29 109 185 
124 215 116 242 
125 14.4 144 0.31 (0.30 Check) 103 204 
126 14.6 110 27 102 180 
131 obit 158 0.20 106 164 
132 10.7 176 0.19 110 171 
133 11.4 265 0.22 109 175 
134 10.6 427 0.27 113 183 
135 10.4 650 0.38 122 217 
136 10.2 600 0.39 (0.38 Check) 119 231 
141 11.2 190 0.27 116 176 
142 10.7 230 0.31 (0.30 Check) 117 18 
143 10.2 250 0.37 131 270 (89)¢ 
144 10.0 400 0.39 143 285 (83) 
151 11.3 165 0.20 100 270 (89) 
152 11.7 210 0.23 106 270 (79) 
153 11.9 217 0.27 104 285 (76) 
154 12.5 231 0.29 113 285 (73) 
155 rigyal 255 .28 110 285 (65) 
161 11.9 184 0.21 (0.20 Check) 107 15 
162 11.4 157 23 105 161 
163 20:7 178 0.25 113 170 
164 162 0.32 114 230 
165 ahs 119 0.19 107 210 
166 11.8 102 NS} — == 
171 11.9 143 0.25 103 26 
172 T2°5) 123 0.20 104 270 (89) 
173 105 119 0.22 101 285 (83) 
181 11.8 160 0.22 101 270 
182 11.8 189 0.26 107 285 (89) 
183 10.9 136 0.16 99 285 (85) 
191 11.0 128 0.07 106 180 
192 10.6 101 0.03 97 210 
193 11.7 93 
201 11.5 129 0.23 105 171 
202 120 173 0.25 101 183 
Aes on 240 0.30 109 270 (89) 
204A 10.7 
204B 10:7 305 0.37 123 270 (83) 
205 9.3 400 0.39 130 285 (76) 
211 UpAa 190 0.25 104 260 
212 valar/ 226 0.24 107 330 
213 12.3 260 0.25 106 330 (84) 
214 12.8 348 0.25 110 345 (84) 
215 12.5 370 0.26 109 345 (77) 
221 11.7 159 0.10 97 127 
222 10.9 151 0.15 101 139 
223 AS 167 0.17 102 149 
224 11.9 149 0.17 101 146 
225 11.9 180 0.20 103 164 
226 10.6 161 0.21 105 159 
227 appl 170 0.23 104 180 
228 11.8 177 0.34 107 239 


* The carbon content of all experimental sinter feeds was within the range of 5.5 to 6.8 pet, except for the carbon series. 


+ NS indicates that sample would not sinter. 
+ Numbers in parentheses indicate actual weight loss. 


was that stock flue dust, as opposed to current flue 
dust, was more homogeneous especially in regard 
to carbon content. This effect was probably brought 
about through bedding of the stocked dust. This 
increased homogeneity allowed more uniform sin- 
tering, thus producing a slightly stronger sinter. 

The reasons for the observed increases in sinter 
strength brought about by additions of the fore- 
going raw materials were noted when the micro- 
structures were examined. In Fig. 8a, the structure 
of the standard sinter is shown. The iron oxide 
particles are bonded to some extent by fusion (iron 
oxide bonding) but to the greatest extent by siliceous 
glassy matrix (glass bonding). On the other hand, 
in Figs. 8c and 8d, the extensive iron oxide bonding 
of the sinters containing ore fines and roll scale is 
shown as well as the lack of the glassy matrix con- 
stituent. The role of iron oxide bonding in promot- 
ing sinter strength has been discussed in previous 
investigations.” ° It would be expected that sinters 
with structural features such as these would be 
stronger than sinters with a highly siliceous glass 
bond. 

Of the various additives investigated, only blast 
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furnace slag had any significant beneficial effects on 
sinter strength. The effects of additions of SiO,, Al,O,, 
and burnt lime on sinter strength were negligible. 
Additions of MgO had deleterious effects on sinter 
strength. 

The reason for the benefits or detriments derived 
from using the -various additives were associated 
with the sinter bond. In the case of blast furnace 
slag, an extremely strong dense glass bond was 
formed, Fig. 8e, which accounted for the increase 
in strength. Although this dense glass bond was not 
as strong as the oxide bond of the roll scale and ore 
sinters, it was considerably stronger than the sili- 
ceous glassy bond of the standard sinter. The glass 
bond of the slag-containing sinter contained 75 to 
85 pct fayalite and some CaO-Fe.O;. The oxide 
grains were almost all rounded, indicating that con- 
siderable iron oxide had been dissolved in the glass. 
It is shown in Table IV that the slag-containing 
sinters have slightly higher lime and silica contents 
than the standard sinter. The fact that the lime 
from the slag addition is already fluxed with silica 
lowers the fusion point of the lime and allows the 
formation of the dense glassy phase on sintering, 
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sinter before reduction. 


d—Sample No. 143 had a 30 pct roll © e—Sample No. 155 had a 12 pct blast 
furnace slag addition before reduc- 


scale addition. 
tion. 


a—Sample is standard experimental b—Sample is standard experimental c—Sample. No. 135 had 
sinter after reduction. 


a 50 pct ore 
fines addition. 


f—Sample No. 155 had a 12 pct blast 
furnace slag addition after reduc- 
tion. 


Fig. 8—Micrographs show typical structures of some experimental flue dust sinters. The letters on various micrographs 
represent: M, magnetite (FesO:); W, wiistite (FeO); Fe, iron; G, glass; F, fayalite (2FeO-SiO:); and C, calcium-ferrite 


Samples were unetched. X400. 


which contributes to the higher strength of these 
sinters. 

The use of burnt lime additions to sinter mixes 
has been discussed previously” ° with conflicting re- 
sults. The European practice of using lime additions 
in the production of ore sinter with great benefits 
has also been widely discussed.” ° With the sinter- 
ing practice and raw materials used in production 
of a flue dust-base sinter, burnt lime additions had 
no beneficial effects on sinter strength. The lime was 
not all taken into solution during sintering, as is 
shown in Fig. 9e. High lime additions by means of 
slag had improved sinter strength, and the reason 
for the different effects of the two additives may be 
associated with the difference in the ability of free 
lime to flux the impurities in the flue dust-type 
sinter when compared with granulated slag. Insuffi- 
cient time and temperature were available during 
sintering for the burnt lime to completely react with 
the silica and iron oxide. 

A similar series of observations were made in the 
case of the MgO-containing sinters. The poor strength 
of these sinters was attributed to the poor perme- 
ability of the mix and the fact that the MgO was 
not adequately taken into solution. Fig. 9d shows 
unreacted MgO and some of the matrix constituents 
formed when some of the MgO reacted with silica 
and iron oxide. Again, insufficient time and tem- 
perature were available for a sufficient chemical 
reaction to take place. 

The additions of SiO, and Al,O; altered the micro- 
structure of the sinter without any significant effects 
on strength. Typical microstructures for sinters in 
this series are shown in Figs. 9a and 9c, which show 
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principally an increase in the amount of the glassy 
matrix constituent. In both cases the glass was quite 
brittle. 

The effects of increased carbon (fuel) content on 
sinter strength have been discussed by many authors. 
Fig. 5 graphically presents the results of the carbon 
addition series of this investigation. The correlation 
obtained was similar to that reported in previous 
investigations” **° of both production and experi- 
mental sinters. As the carbon content of the mix 
increases, sinter strength increases. A micrograph 
of a typical high carbon (7.7 pct) sinter is presented 
in Fig. 9f, which shows the presence of coarse grains 
of iron oxide and a high percentage of fayalite in 
the matrix. Large amounts of SiO, in the sinter feed 
is not the only condition that is required for the 
formation of fayalite. Sinters in the low carbon 
range with high SiO, contents did not contain fay- 
alite, while those in the high carbon range showed 
large amounts of fayalite, illustrating the important 
effect of temperature on fayalite formation. 

Bulk Density of Experimental Sinters: The effects 
of the various raw materials and additives on sinter 
bulk density are summarized in Figs. 6A and 6B. 

Very significant increases in experimental sinter 
bulk density were obtained as the amounts of ore 
fines, roll scale, and return fines used in the respec- 
tive mixes were increased. Again, as in the cases 
of mix permeability and sinter strength, small addi- 
tions of roll scale (10 to 20 pct) were more bene- 
ficial than a 30 to 40 pct addition of ore fines or 
return fines. Comparison of the microstructure typi- 
cal of these sinters, Figs. 8c and 8d, and the standard, 
Fig. 8a, indicate the reason for the increase in bulk 
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density. The lack of pore space and glassy bond, the 
increase in iron oxide grain size and bonding, and 
the high iron content explain the higher densities. 
The structure, strength, and high bulk density of 
the roll scale-containing sinter indicate that this 
product might also be suitable for the open hearth 
as a charge oxide material. 

No highly significant effects of any of the addi- 
tives on sinter bulk density were noted, except in 
the cases of blast furnace slag and MgO. Blast fur- 
nace slag in contributing to the formation of a 
strong dense glassy bond also contributed to slightly 
increased sinter bulk density. The MgO additions 
were as detrimental to bulk density as they were 
to other sinter properties. 

Reducibility of Experimental Sinters: The effects 
of the various raw materials and additives on rela- 
tive sinter reducibility are summarized in Figs. 7A 
and 7B and in greater detail in Table III. 

In general, it could be stated that, as the median 
size (strength) of the various sinters increased, the 
time required for 90 pct reduction (weight loss) also 
increased. The rate of gaseous diffusion, therefore, 
was affected by the median particle size. This rela- 
tionship of sinter strength and reducibility has been 
noted in numerous investigations” *° and is well 
demonstrated in Fig. 10. However, in this entire 
study, no strong easily reduced sinters were pro- 
duced. This was not in accord with another recent 
experimental sinter study.” The other factors which 
were noted to have affected sinter reducibility were: 
1—tthe size of the iron oxide grains and 2—the type, 
composition, and nature of the sinter bond. 


« 
a—Sample No. 173 had a 6 pct SiOz 
addition before reduction. 


d—Sampie No. 192 had a 4 pct MgO e—Sample No 
addition. 


water. 


b--Samplé No. 173 had pet SiOs 
addition after reduction. 


. 215 had 
addition. Sample was etched in 


These factors were all evident throughout the 
reducibility studies of this investigation, and each 
is illustrated in Figs. 7A and 7B. In the case of in- 
creased additions of ore fines, roll scale, and return 
fines, the reducibility of the sinters became poorer 
as the addition of the particular raw material and 
the sinter strength increased. The high return fines 
sinter was bonded by the iron oxide and by the very 
dense glass, while the bonding of high ore fines and 
high roll scale sinters was by fusion of the oxide 
grains with only a minor amount of a glassy phase 
present, Figs. 8c and 8d. 

It has been stated previously that iron oxide- 
bonded sinters reduced more rapidly than glass- 
bonded sinters of similar median particle size 
(strength).t The high ore fines sinters with iron 
oxide bonding did reduce more rapidly than a glass- 
bonded sinter of similar strength, for example, the 
return fines sinters. However, the iron oxide-bonded 
high roll scale sinters reduced considerably slower 
than the ore fines sinters. This difference was ex- 
plained by the much higher bulk density and lower 
macro and microporosity of the roll scale sinters. 
Poor reducibility of very dense sinters was also 
noted in other investigations.* * These factors ap- 
parently reduce the benefits obtained from iron 
oxide bonding by inhibiting the diffusion of reduc- 
ing gases and products of reduction. The poor re- 
ducibility of sinters containing high amounts of 
return fines was also caused by the high density as 
well as the presence of some dense glass bonding. 

A typical production sample and the standard 
experimental sinter samples lost a total of 93 to 89 g 


c—Sample No. 183 had a 6 pct Al:Os 
addition. 


4.8 pct CaO 


f—Sample No. 228 had a 7.7 pet 
addition. 


Fig. 9—Micrographs show typical structures of some experimental flue dust sinters. The letters on various micrographs 
represent: H, hematite (Fe:0s); M, magnetite (Fe:O,); W, wiistite (FeO); Fe, iron; G, glass; F, fayalite (2FeO-SiO.): 
L, lime; C, calcium-ferrite (CaO-FeOs); P, periclase (MgO); MS, forsterite (2MgO:SiO:); and MF, magnesio-ferrite 


(MgO-Fe:0:). Samples except e were unetched. X400. 
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(450 g original samples) on reducibility testing. 
However, a number of experimental samples had 
weight losses considerably below this range. A 70 g 
total weight loss at 800°C for a 450 g sample was 
not too uncommon. Some of the sinters in the roll 
scale and return fines series were in this category. 
The samples involved contained 30 pct or more of 
the respective constituents. Microscopic examina- 
tion of these latter sinters showed that considerable 
oxide, in the form of wiistite (FeO), remained after 
reduction at 800°C. These results were associated 
with the nature of sinter bond, iron oxide char- 
acteristics, and densities of sinters. It was noted that 
reduction proceeded just so far, and further time at 
the standard test temperature induced no further 
weight losses in certain types of sinter. Additional 
reduction at 1000°C caused only a slight increase in 
sample weight loss. The foregoing behavior is not 
believed to detract from the reducibility test pro- 
cedure, since the relative reducibility of sinters is 
all that is generally required. The reducibilities of 
sinters that fell in the foregoing category must be 
considered poorer as the total sample weight loss 
decreased. The time for 90 pct weight loss and the 
total sample weight loss were considered in rating 
reducibility. On this basis, sinters containing 30 and 
40 pct roll scale and 30, 40, and 50 pct return fines 
had even poorer reducibility than the time for 90 pct 
weight loss indicated. For the purpose of illustrating 
this, the time for 90 pct reduction has been weighted 
by 30 min for each 5 g below the normal weight loss 
range. Figs. 7A and 7B have been plotted using the 
weighted figures. 


Reducibility test results for sinters in the filter 
cake and stock dust series followed the pattern of 
poorer reducibility with increased strength. Sinters 
in this series had normal weight losses, which were 
similar to results obtained on testing similar pro- 
duction sinter samples. Micrographs of sinters in 
these series after reducibility testing are comparable 
to those of the standard experimental sinters after 
reduction, Fig. 8b. In the figure, iron as pseudo- 
morphs after magnetite is shown embedded in the 
glassy matrix. These grains showed some internal 
cracking due to shrinkage and when etched in SnCl,” 
would show very small amounts of iron oxide re- 
maining. 

Some of the additives had very deleterious effects 
on sinter reducibility. Additions of blast furnace 
slag, while improving other properties, caused 
markedly poorer sinter reducibility, Fig. 7B. This 
was explained by the nature of the sinter bond. The 
dense glassy bond had almost completely surrounded 
the iron oxide grains, as shown in Fig. 8e. The 
density of the bond inhibited the diffusion of re- 
ducing gases and products of reduction to cause poor 
reducibility. In Fig. 8f, the partially reduced oxide 
grains of the 12 pct slag sinter are shown surrounded 
by a zone of iron and the still dense matrix. The 
matrix constituents were not reduced in any of the 
sinters examined. Although considerable fayalite 
was found in these sinters, it was not the fayalite 
that was responsible for the poor reducibility. 

Additions of 2, 4, and 6 pct silica and alumina, 
respectively, caused increasingly poor rates of re- 
ducibility. The reason for this poor reducibility was 


Table IV. Variation in the Chemical Composition of Experimental Sinters Containing Additives 
Which Altered the Normal Chemical Composition 


Chemical Composition, Wt Pct 


Experimental Particle 
Sinter No. Additive, Wt Pct Fe SiO. Al203 CaO MgO Cc Size 
xperimental 
53.98 10.81 2.36 2.16 0.38 6.03 
i 1 
— 55.08 2.59 1.93 0.38 0.22 0.22 in. 
median 
size 
Average South Works 
= 10.21 2.34 1.91 — 4.98 
Average South Works 
i i . —_— .04 10.73 2.62 1.96 — = 0.233 in 
production sinter 60 233 in. 
size 
141 10 Roll Scale 55.30 — — 
142 20 Roll Scale 60.34 — — — — = = 
143 30 Roll Scale 62.45 = = 
144 40 Roll Scale 63.28 — — — — — = 
151 4 Blast furnace slag — 11.36 — 2.10 — = — 
152 6 Blast furnace slag — 13.07 — 3.68 = — 
153 8 Blast furnace slag 13.56 4.80 
154 10 Blast furnace slag 13.84 — 
155 12 Blast furnace slag 14.22 — 
171 2 SiOz 14.21 = = 
172 4 SiOz 14.70 = — 
173 6 SiOz 15.50 — 
181 2 AlzOzg = 3.78 — 
182 4 AleoOs — 5.64 — — 
192 4 MgO = = 
193 6 MgO — = = 
21d 1.6 Burnt CaO — = 
212 2.4 Burnt CaO _ — 
213 3.2 Burnt CaO — = 
214 4.0 Burnt CaO — — — 
: Experimental Sinter Mix Carbon Content, Wt Pct 
221 - 0 C (coke breeze) added on 
222 1.0 C (coke breeze) added ee 
223 1.5 C (coke breeze) added aoe 
224 2.0 C (coke breeze) added Bord 
225 2.5 C (coke breeze) added aay 
226 3  C (coke breeze) added 508 
227 3  C (coke breeze) added cee 
228 3  C (coke breeze) added 


* The production data represents the average data obtained from 385 South Works sinter mix and sinter samples, October-November 1953. 


+ NS indicates that sample would not sinter. 
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Fig. 10—Lines and data points show the relationship between 
the strength and reducibility of experimental sinters. 
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Fig. 11—Lines and data points show the relationship between 
the bulk density and reducibility of experimental sinters. 


again the sinter bond. This is shown in Figs. 9a, 9b, 
and 9c. The microstructure of sinters containing 
6 pct SiO, are shown before and after reduction and 
are similar to the slag-containing sinters discussed 
previously. The large amount of glassy matrix sur- 
rounds the iron oxide grains to a great extent. Fig. 
9b shows the large amount of iron oxide remaining 
after reduction. 

Magnesia additions had deleterious effects and 
burnt lime had no beneficial effects on sinter strength. 
The poor reducibility of the burnt lime-containing 
sinters was associated with the high lime glassy 
bond surrounding the iron oxide grains and the 
presence of significant amounts of CaO-Fe.O; which 
has been previously shown to be associated with 
poor reducibility.. The MgO-containing sinters had 
extremely slow rates of reduction for sinters of such 
low strength. The presence of forsterite”® and un- 
combined MgO and the other matrix constituents 
shown in Fig. 9d contributed to poor reducibility. 
Another group of investigators noted similar effects 
of MgO.’ 

Increases in carbon content had no effect on sinter 
reducibility other than that resulting from increas- 
ing strength. The weight losses of these samples 
were normal and similar to high carbon production 
sinter test results. The presence of fayalite in the 
high carbon sinters did not, by itself, decrease sinter 
reducibility. 

Interrelation of Sinter Strength, Bulk Density, 
and Reducibility: The interrelationship of these three 
sinter properties has been clearly demonstrated in 
this paper and is shown in Figs. 10 through 12. Fig. 
10 shows the relationship between sinter strength 
and reducibility and has been discussed earlier in 
the text. Fig. 11 shows the relationship between 
sinter bulk density and reducibility. It should be 
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noted that the “least squares’ coefficient of correla- 
tion” is quite high in this relationship, indicating 
that these two properties are closely and directly 
related. This was well demonstrated in the roll 
scale-containing sinters where an appreciable in- 
crease in bulk density was attained as the raw mate- 
rial additions increased. By generalizing and using 
increased density as a measure of decreased porosity, 
it could be said that there was an inverse rela- 
tionship between sinter porosity and reducibility. 
Similar results as these were found by Morrissey 
and Powers’ in an ore sinter study. 

In Fig. 12 the relationship between sinter bulk 
density and sinter strength is shown. Again, the 
correlation was quite good and it was felt that this 
relationship was due to the sinter bond. When the 
sinter was very densely bonded, whether by iron 
oxide or by the glassy phase, the sinters were 
stronger. This was illustrated by the roll scale and 
slag series of sinters. It was not particularly true in 
the case of the high SiO, sinters, but in these sinters 
the glassy bond was less dense and did not com- 
pletely surround the iron oxide grains. 

The interrelationship of these three properties 
was quite significant and to a great extent defined 
the limits of raw material mixtures and additives 
within which it is necessary to operate under pro- 
duction conditions in order to produce any given 
type of sinter. Although some of the findings of this 
investigation have been applied at South Works 
sintering plant, results are incomplete at this time. 
Preliminary data suggests, however, that these re- 
sults are fully adaptable to actual production of 
blast furnace flue dust sinter. 


Conclusions 

1—Those raw materials which significantly im- 
proved sinter quality were roll scale, ore fines, and 
return fines. Increasing additions of these materials 
were increasingly beneficial to all properties eval- 
uated except reducibility. Additions of as little as 
10 pct roll scale were as beneficial to sinter quality 
as 30 to 40 pct of the other raw materials. 

2—Of the sinter feed additives studied, only small 
amounts of granulated blast furnace slag significantly 
improved sinter strength. The other additives, par- 
ticularly magnesia, had deleterious effects on all 
sinter properties. Improved feed permeability was 
the only beneficial effect of burnt lime additions. All 
additives were deleterious to sinter reducibility. 

3—Increasing additions of carbon significantly 
improved sinter strength. An increase of approxi- 
mately 0.04 in. in median size was obtained with a 
1 pet increase in carbon content. 

4—-Complete and thorough mixing of sinter feed 
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Fig. 12—Lines and data points show the relationship between 
the bulk density and strength of experimental sinters. 
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was found to be essential to good sinter quality. 
Poorly mixed experimental samples sintered heter- 
ogeneously and incompletely. 

5—Control of the sinter feed moisture content 
was quite dependent on the type of sinter being 
produced. The optimum moisture content range for 
most of the mixtures studied in this investigation 
was from 10 to 13.5 pct. Significant increases or 
decreases below this range decreased sinter feed 
permeability. 

6—The principal factors affecting sinter strength 
were: A—bulk density, B—size of the iron oxide 
grains, and C—the type and composition of the 
sinter bond. The dense coarse grained and iron 
oxide-bonded sinters were stronger than the porous 
and/or glass-bonded sinters. 

7—The principal factors affecting sinter reduci- 
bility were: A—sinter strength, B—bulk density, 
C—size of the iron oxide grains, and D—the type 
and composition of the sinter bond. Iron oxide- 
bonded sinters reduced more rapidly than glass- 
bonded sinters of similar strength; but at very high 
bulk densities, reducibility was poor regardless of 
the type of bond. 
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Production and Purification of TiCl, 


by L. W. Rowe and W. R. Opie 


A brief history of TiCl, production and purification is given. Chlorinator feed 
materials for the production of TiCl, are classified. The thermodynamics and kinetics 
of TiCl, production by chlorination of TiO, are discussed. Problems encountered 
in the chlorination and purification steps are outlined in detail. 


M OST of the current processes for the production 
of titanium metal require the use of TiCl, as a 
source of titanium values. This material can only be 
produced by a dry chlorination process, since it is 
immediately hydrolyzed in the presence of water. 
When pure, the tetrachloride is a colorless liquid 
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boiling at 136°C. It fumes readily in moist air, re- 
acting immediately with the moisture to form TiO, 
and HCl. 
History 

The tetrachloride was prepared as early as 1826 
by Dumas* who chlorinated a red hot mixture of 
carbon and TiO.. Since then, numerous other mix- 
tures have been used including rutile, ilmenite, 
beneficiated ilmenites, titanium pigment, slags, and 
the various titanium metalloids such as TiN, TiCN, 
TiOC, and TiS,. S.Cl., phosgene, and CCl, have been 
substituted for chlorine and CO has been used in 
place of carbon. 
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Fig. 1—Equilibrium of reaction 3 (Boudouard) of CO: with 
carbon to form CO is shown. The pressure is 1 atm. 


The original patent for production of TiCl, was 
issued to Barton in 1916.2 A mixture of TiO, and 
soft coal was carbonized to remove the volatile mat- 
ter and form a hard porous cinder. This was chlo- 
rinated at 650°C. 

A large number of patents, covering equipment 
modifications, charge preparation, chlorination pro- 
cedure, and methods for condensation of the reac- 
tion mixtures, have been issued since the original 
application. 

Extensive commercial production was not begun 
until 1935, with the tetrachloride used chiefly for 
the production of rutile pigment. Up to 1945, TiCl, 
was made using static beds. The chlorinators were 
constructed of acid-resistant brick, backed by one or 
more layers of insulating brick and enclosed in a 
metal shell. 

The charge was fed at intervals through the top of 
the reactor and chlorine passed into the bottom of 
the bed. The reaction products were led out through 
a side delivery tube located near the top of the re- 
actor. A dust collector or cyclone removed the solid 
reaction products; this unit was usually heated to 
above 150°C to prevent condensation of the tetra- 
chloride at this point. The remaining gases were 
passed through a series of air or water-cooled con- 
densers to remove the tetrachloride, and the final off 
gases led through a water scrubber to remove HCl 
and then into a caustic scrubber to remove chlorine. 

The direct chlorination of ilmenite proved very 
difficult due to constant plugging of the condensing 
system with ferrous and ferric chlorides. The gen- 
eral practice was to use rutile ore, scrap pigment, or 
a low iron beneficiate such as can be obtained by 
leaching ilmenite with HCl. A feed mixture contain- 
ing a 25 to 33 pct addition of coal or coke with tar or 
pitch as a binder was pressed into briquettes, car- 
bonized to remove the volatiles, then charged hot to 
the chlorinator. The process was essentially batch- 
wise, with a charge-upon-charge addition until the 
accumulation of gangue and unchlorinatable inerts 
caused a rapid decline in chlorination efficiency and 
necessitated discharging the reactor. 

In the period from 1935 to 1945, numerous refine- 
ments were made in the chlorination technique. Sus- 
pensions of colloidal TiO., lignin, or clay were used 
as binders and alkali-metal hydroxides were added 
to improve briquette quality.’ Chlorination units 
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were operated adiabatically by controlling the bed 
level and chlorine rates or burning carbon in the bed 
at specified intervals. TiCN and silicon metal have 
also been added to the charge to furnish additional 
heat of reaction.* Attempts were made to process 
ilmenite by selective chlorination of iron values 
from the charge by controlling the carbon addition 
and reaction temperature. A number of equipment 
patents were also issued, which dealt with various 
methods for charging and discharging the reactors. 

Many advances had been made in the develop- 
ment of fluidized solids processes during World War 
II. These techniques were applied to the manu- 
facture of TiCl,, since they offered a means of con- 
siderably reducing the processing cost by eliminating 
the briquetting and carbonization steps and by fur- 
nishing a way for maintaining continuous operation. 


Chlorinator Charge Material 

The titanium content of various possible chlori- 
nator feeds, both as received and as fabricated into 
a chlorination charge, may be approximated as given 
in Table I. 

From a study of the heats and free energies of 
formation, Table II, of the various titanium sources 
for which data are available, it is apparent that the 
metalloids are less stable than the tetrachloride and 
will, therefore, chlorinate readily. The dioxide, on 
the other hand, is much more stable and can be 
chlorinated only in the presence of a reducing agent 
such as carbon or CO. 


Table I. Titanium Content of Possible Chlorinator Feeds 


Pct Ti* 
As Chlori- 
nation Charge 


Pet Ti 


Titanium Source As Received 


TiN 17.4 
TiCN 64.8 64.8 

Ti pigment 59 to 60 47 to 48 
Rutile ore 54 to 58 43.45 
Slag 38 to 50 30 to 40 


Ilmenite ore 27 to 36 22 to 29 


* A 25 pet C addition was made where necessary. 


From the standpoint of ease of chlorination and 
chlorinator throughput, it is obvious that the metal- 
loids are by far the most efficient charge materials. 
A comparison of the cost per pound of contained 
titanium, however, shows that the use of ilmenite 
and slag has the greatest economic advantage; see 
Table III. 

Because of the difficulties encountered in chlori- 
nating ilmenite and titania-containing slags, rutile 
(about 98 pct TiO.) has been accepted by the indus- 
try as an economical chlorinator feed material. 


Technology 


Main reactions to consider in the chlorination of 
TiO, are as follows: 


TiO. (s) + 4Cl.(g) + 2C(s) = TiCl(g) + 


2COC1.(g) [44 
COCI1.(g) = CO(g) + Cl(g) [2] 
2CO (Gg) [3] 


The equilibrium constants for each reaction can be 
calculated from available data, and the resulting 
constants mathematically related so that the partial 
pressures of all reactants and products can be de- 
termined, assuming equilibrium conditions and a 
total pressure of 1 atm. 
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As was shown by Godnov and Pamfilov,’ the 
pressure of COCL is negligible and, at equilibrium, 
only traces of chlorine are present. Therefore, the 
reactions of importance are 


TiO. (s) + 2CL(g) + C(s) = 


TiCL(g) + CO.(g) [4] 
TiO,(s) + 2CL(g) + 2C(s) = 
TICL.(g) + 2CO(g). [5] 


These reactions occur simultaneously and are 
strongly temperature dependent. As the chlorina- 
tion temperature increases, the following effects oc- 
cur: 1—The CO/CO, ratio in the product gases in- 
creases to satisfy the equilibrium of reaction No. 3; 
see Fig. 1. 2—The amount of carbon per mol of 
TiCl, produced increases because reaction No. 5 be- 
comes the dominant reaction. 3—The total product 
gas volume increases. 4—The percentage of TiCl, 


in the product gas volume decreases. Effects 1 
through 4 are illustrated in Fig. 2. 
Table Il. Heat and Free Energy of Formation of Various Titanium 
Compounds 
Compound AH, 298°K AF, 298°K 
TiOz —225.6 —212.45 
—190.3 —171.08 
TiO —123.9 —116.97 
TiN — 80.5 — 73.68 
TiC — 43.8 — 43.08 


Another important factor to consider is the effect 
of temperature on reaction rate. The results of 
Pamfilov and Shikher,”® as well as those obtained on 
a National Lead Co. laboratory unit which illustrate 
this temperature effect, are plotted in Fig. 3. Pamfi- 
lov used CO as a reducing agent, conducting the 
reaction at various temperatures for a period of 3.5 
hr with a steady chlorine rate. 

Results with solid carbon as a fuel were obtained 
during the chlorination of a briquetted mixture of 
ground TiO, and coal, using a 3.8 TiO./C ratio. 
Chlorine rate and time were held constant at 0.35 1 
per min and 4.0 hr, respectively. 

Experimental runs have confirmed the thermody- 
namic and kinetic data presented herein. Sponge 
titanium metal will begin to chlorinate at a tem- 
perature as low as 120°C, the various metalloids will 
react vigorously in the 250° to 400°C range, and 
TiO.+C chlorinated efficiently at 700°C. The reac- 
tion with the metalloids is highly exothermic and 
can be made to proceed adiabatically even in small 
scale equipment. Although the TiO,+C reaction is 
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considerably less exothermic, a fluidized solids chlo- 
rinator with a diameter greater than 20 in. can be 
operated under adiabatic conditions. Commercial 
scale static bed units require only a small heat input. 


Chlorinator Design 

Two basic types of chlorinators are used: static 
bed and fluidized bed. Static bed units were briefly 
discussed in a previous section. The units used at 
Henderson, Nevada, in the Titanium Metals Corp. of 
America plant have been described by P. J. Maddex." 

The fluidized solids reactor is similar in construc- 
tion to the static bed unit, although the ratio of 
height to cross-section is usually greater. The bed 
is supported on a perforated brick or ceramic plate 
and maintained in a fluidized state by the pressure 
of the gas stream. The feed may enter into the top 
of the reactor through a sealed hopper or be carried 
in above the plate by a portion of the gas stream. An 
overflow pipe located near the top of the bed dis- 
charges the inerts which are lighter than the feed 
mixture and tend to segregate to the top of the bed. 
On large scale units, the overflow level is usually 
adjusted so that portions of the bed can be recycled 
to permit strict temperature controls. The layers of 
insulating brick are dispensed with and cooling of 
the shell may even be necessary. 


Table III. Comparison of the Cost per Pound of Contained Titanium 


Dollars per Lb of 


Titanium Source Contained Titanium 


Ilmenite 0.02 to 0.03 
Slag (Quebec Iron 

& Titanium Corp. type) 0.05 to 0.08 
Rutile 0.10 to 0.15 
Ti pigment 0.40 to 0.50 
TiCN 0.75 to 1.00 


Several advantages can be realized by use of the 
fluidized solids process. The excellent heat transfer 
and lack of channeling permits a three to fourfold 
production rate per unit area. Feed and discharge 
can be made continuous, thus eliminating the fre- 
quent shutdowns required for discharging of the 
static bed units. A carbon source of very low hydro- 
gen content is used to reduce the possibility of fixed 
chloride formation. 

The main problems encountered in TiCl, manu- 
facture are found in the condensing and collecting 
of the reaction products rather than in the formation 
of the chloride. These difficulties spring from three 
major sources: 1—carry-over of very fine dust and 
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solid reaction products which can be only partially 
removed by cyclones; 2—plugging of condenser lines 
with mixtures of dust, liquid tetrachloride, and tita- 
nium oxychlorides; and 3—clogging of the off gas 
lines by hydrolysis of uncondensible tetrachloride 
fogs and mists which pass through the condensers. 
Corrosion of the condensing system with chlorine 
and HCl also contributes to the overall problem. 

Mechanical dust carry-over can be eliminated to 
a large extent by careful charge preparation, close 
regulation of gas flows, and adequate cyclone design. 
Leakage of air into the system, especially near the 
reaction zone, causes oxidation of TiCl, and FeCl, 
to produce very fine TiO, and Fe.O, particles, while 
moisture leakage will produce solid titanium oxy- 
chlorides. These effects can be minimized by thor- 
ough drying of the charge and by maintaining the 
system under a slight positive pressure. Cooling of 
the exhaust gas mixture by refrigeration will re- 
duce fog formation and minimize plugging in this 
section of the system. 

One of the chief problems in TiCl, manufacture is 
the separation and condensation of the reaction 
products, chiefly TiCl,-FeCi, mixtures. The most 
effective method has been to spray the gases with 
cold TiCl, in a packed tower,” the discharge going 
to a settling tank for removal of the sludge. The 
clear liquor may be pumped to crude storage or re- 
cycled to the scrubbing tower. Another method in- 
volves spraying the mixture in an unpacked tower 
and condensing the solid fraction on a surface heated 
above the boiling point of the TiCl,.* Selective sep- 
aration of the iron chloride FeCl, can also be 
achieved by passing the gas mixture through a low 
melting FeCl,-NaCl salt bath, with periodic removal 
of the excess FeCl, in a separate stage.* Even with 
these developments, handling of the large amounts 
of FeCl, and FeCl, produced during the chlorination 
of ilmenite has been very difficult. Complete selec- 
tive chlorination of either titanium or iron values is 
probably impossible, although FeCl, production can 
be minimized by proper control of the reaction con- 
ditions. The large difference between the boiling 
points of FeCl, (315°C) and TiCl, (136°C) should 
permit ready separation of the two phases. In actual 
practice, however, the separation is only partially 
effective, and considerable amounts of very fine 
FeCl, are carried along with the gas stream. When 
the two components condense together, a heavy mud 
is produced which is very difficult to handle. In a 
continuous operation, the process is a slow cumula- 
tive one, with gradual build-up of FeCl; at points 
in the system where wall friction causes a lowering 
of gas velocity. Air leaks can aggravate the prob- 
lems by causing a deposition of Fe.O; along with 
FeCl,. 

A further complication with ilmenite ore is the 
necessity of recovering chlorine values tied up as 
iron chlorides. Direct oxidation of FeCl, is not too 
efficient, owing to its tendency to dissociate into the 
difficultly oxidizable FeCl.. 

Because of the inherent difficulties in handling il- 
menite, the main charge materials employed to date 
have been rutile or low iron beneficiate. Present 
supplies of rutile appear to be inadequate for any 
greatly expanded titanium metal program, while 
supplies of ilmenite are almost inexhaustible. The 
only long term solutions to the raw materials pro- 
gram appear to be in the production of a low cost, 
high titanium beneficiate from ilmenite or in solv- 
ing the technical problems associated with ilmenite 
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chlorination and recovery of chlorine values from 
FeCl,. 
Purification 

The crude TiCl, is unsuitable for direct use in 
metal production owing to the presence of dust and 
sludge, dissolved gases, organic compounds, and va- 
rious soluble metal chlorides such as SiCl, SnCl, 
VOCI1,, and TiOCl.. 

The dust and sludge, consisting of FeCl,, TiO., fine 
carbon, and traces of heavy metal chlorides, can be 
removed by settling and decantation. The dissolved 
gas (mostly chlorine and phosgene), the low boiling 
impurities (chiefly SiCl, and SnCl,), and the high 
boiling impurities (titanium oxychlorides) can be 
removed by a distillation step. A few chlorides, how- 
ever, such as VOCI, and MoCl,, tend to codistill along 
with TiCl, and require a chemical means of removal. 
A large number of purification agents have been 
used for this purpose. These include powdered met- 
als,” metal hydrides,“ amalgams, alkali-chlorides, 
and iodides,* H.S,” and organic compounds such as 
soaps,” oils,” fats and waxes.” Most of these are 
added prior to, or during, the distillation step, the 
mechanism usually being to selectively reduce the 
interfering chloride to an insoluble higher boiling 
salt or to form a complex salt. If the purification 
agent is effective, a water white product can be ob- 
tained with impurities near the lower limit of spec- 
trographic analysis methods. 

About 4 lb of TiCl, are required for production of 
1 lb of metal, even at 100 pct reaction efficiency. Be- 
cause of this, the cost of tetrachloride will continue 
to be a major factor in the ultimate cost of the metal. 
A relatively cheap process for the production of pure 
TiCl, is essential if producers are to markedly de- 
crease the cost of the metal. Production of a low 
cost, high titanium beneficiate for the chlorination 
charge and high recovery of chlorine values from 
the metal formation stage are means of achieving 
this goal. 


Discussion of this paper, if any, will appear in 
JOURNAL OF METALS, November 1956, and in AIME 
Metals Branch Transactions, Vol. 206, 1956. 
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Technical Note 


Residual Lattice Strains in Sectioned Bars of Plastically 


Deformed Iron 


by C. J. Newton and H. C. Vacher 


XTENSIVE investigations in the field of residual 

strain measurement by X-ray diffraction have 
been made by Bollenrath, Hauk, and Osswald,’ by 
Smith and Wood,”* by Greenough,* by Rosenthal and 
Norton,’ and many others. Since X-ray strain meas- 
urements apply only to those crystals of the test 
body which are of the proper condition and orienta- 
tion to diffract and since the residual strains re- 
vealed may be accompanied by either body or tex- 
tural stresses, there has been considerable disagree- 
ment among investigators with respect to the valid- 
ity of conclusions in this field. Although the experi- 
mentors have employed a variety of loading 
schemes, surface preparations, and X-ray wave 
lengths, the observations almost invariably have 
been made only on the outer surfaces of the speci- 
mens. The present note is not to be construed as an 
exposition of a new method of stress analysis by 
X-ray strain measurements on sections but as a 
presentation of some results which point to inter- 
esting possibilities for further experiments with 
sections. 

The two test rods used in this study were of ingot 
iron annealed at 910°C. The initial length of the 
gage section was 2 in. and the diameter was 0.415 in. 
Cross-sections were cut from the ends of the an- 
nealed rods to provide strain-free material. The 
tensile rod was axially loaded the desired amount in 
a commercial testing machine. A 1 in. portion of 
the gage length was cut from the other rod and was 
subjected to compression in the same machine. De- 
tails of this plastic straining of each rod are given 
in the upper half of Table I. 

A half-cylinder piece about % in. long was ob- 
tained by making a short longitudinal plane cut 
containing the axis of the rod near the center of the 
gage length. From adjacent material a disk about 
lg in. thick was cut to provide the cross-section 
specimen. Later another section was cut from this 
same region with an angle of 30° between the nor- 
mal to its surface and the axis of the test rod. A 
cross-section and a longitudinal section were cut 
from the compression rod in a similar manner. All 
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Table |. Plastic Deformation and X-Ray Measured Strains 
in Ingot Iron 


Tensile 
Test Body 


Compressive 
Test Body 


Maximum axial stress + 54,600 psi — 59,200 psi 
Measured radial strain — 0.096 + 0,096 
Calculated axial strain + 0.192 — 0.192 
Radiation Ka Co Ka Cr Ka Co Ka Cr 
Crystallographic plane (310) (211) (310) (211) 
Residual Strain, Multiply by 10-4 
Angle between normal to 
section surface and axis 
of test body 
0° (axial strain) — 44 — 3.8 — 05 — 0.5 
30° — 3.8 — 24 
90° (radial strain) + lz — 04 — 5.5 — 40 


of these as well as the strain-free cross-sections 
were mounted in Bakelite and used as specimens for 
the following X-ray strain measurements. 

During the course of the study, it became appar- 
ent that the condition of the surface of a specimen 
was a highly critical factor. One of the annealed 
strain-free specimens as a control was subjected to 
about 24 hr of polishing with fine alumina, inter- 
rupted about every 2 hr for etching with 1 pct nital. 
Its lattice parameter was determined at intervals 
from measurements on back-reflection X-ray dif- 
fraction patterns, which were calibrated with dif- 
fraction from tungsten powder. The parameter 
gradually approached the value found in the litera- 
ture for strain-free iron and remained there, within 
the limits of the experimental error. This deter- 
mined a long polishing and etching procedure which 
was adopted for all the specimens and which gave 
X-ray results from the surfaces believed to be rep- 
resentative of each specimen as a whole. 

A large number of back-reflection patterns were 
made with cobalt and chromium radiation, all at 
normal incidence. Except for some preliminary 
stationary exposures made to monitor the removal 
of cold work from the surfaces, each exposure was 
made with the specimen slowly translating and the 
film slowly rotating. In appropriate cases a thin 
layer of a standard metal powder, tungsten with 
cobalt radiation and silver with chromium, was 
dusted over a film of vaseline on the surface of the 
specimen to serve to calibrate the X-ray patterns. 
After the preliminary work, four films were made, 
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Table II. Surface Stresses Calculated From Normal Strains, Multiply by 10* Psi 


Tensile Case Cobalt Chromium 

Cross-section o2+o3 = 4 o2=os= 2 o2 + o3 = 4 a= 63 = 2 
Longitudinal section 61 + o2 = —2 o1 = —4 o1 + o2 = 0.4 o1 = —2 
30° section o2toaos= 4 o2 + o'3 = 2 

Theoretical value 3 oz2 + os = 3 

Compression Case 

Cross-section o2 + og = O05 62 = 0.3 o2 + o3 = 05 = os = 0.3 
Longitudinal +62 = SS o1 + op2 = 4 4 


each with several sectors, each sector bearing the 
exposure from a particular specimen. Measurements 
(some of which were checked by two other persons 
in addition to an author) of these films provided the 
final data for this study, from which the residual 
strains given in the lower half of Table I were cal- 
culated. 

An analysis of the precision of measurement indi- 
cates that the probable error in each value of the 
lattice strain is +1x10~. This rather large probable 
error arises principally from the considerable 
breadth of the diffraction maxima given by the very 
severely plastically deformed specimens. It follows, 
therefore, that the values of the strains presented in 
the table have a rather limited quantitative signifi- 
cance; however, they possess a high degree of quali- 
tative reliability, since even in the earlier less care- 
fully controlled experiments they lay in the same 
order. 

Although the lattice strains are the directly meas- 
ured quantities, the acccompanying residual stress 
system is of more general interest. In order to cal- 
culate such a system by the method at hand, the 
following assumptions had to be made: 1—the stress 
in the interior of the gage length of the test bar 
before sectioning can be represented by three prin- 
cipal stress vectors o,, o., and os, the first of which is 
parallel to the axis of the bar and the latter two 
equal to each other and radial in the bar; and 2—the 
sectioning process reduces to zero all components of 
stress normal to the new surface, whereas the effect 
on those components lying in the plane of the cut 
is negligible. 

Using these assumptions and the accepted values 
of Young’s modulus and Poisson’s ratio, o, and os 
are obtained from the measured lattice strains nor- 
mal to the surface of the cross-section, since o, is 
zero in this specimen. In the surface of the longi- 
tudinal section, o, is zero, o; is known from the pre- 
ceding, and o, may be calculated. Similarly, the 
strain measured normal to the 30° section will give 
the sum of co, and a a’,; the latter is a stress lying in 
the o,-0; plane, 30° from o; and 60° from o,. This 
sum may be compared with its theoretical value 
calculated from o,, o., and o;, using the stress quad- 
ric’ for homogeneous media. The reasonable agree- 
ment obtained indicates that the assumptions upon 
which the stress calculations are based are approxi- 
mately correct. All of these stresses derived from 
the measured strains are presented in Table II. The 
probable error is about 1x10* psi. 

The tensile rod seems to show residual axial com- 
pression of about 4 and 2x10* psi with cobalt and 
chromium radiation, respectively, and the compres- 
sion rod seems to show a residual axial tension of 
about 6 and 4x10* psi with the two radiations, re- 
spectively. It may be of interest to compare the 
foregoing value from the tensile rod with the longi- 
tudinal principal compressive stress of 2x10* psi on 
the surface of a flat iron tensile specimen extended 
26.4 pct and examined with cobalt radiation by 
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Wood and Dewsnap.” Hence the two investigations 
indicate that the longitudinal residual stresses on 
the surface and in the interior of a tensile specimen 
are of the same sign and of the same order of magni- 
tude. From this it follows that such stresses are not 
body stresses in the usual sense, but are more prop- 
erly considered to be textural stresses.”” 

The limited amount of data presented in this note 
does not warrant the drawing of very positive con- 
clusions, particularly with regard to the disputed 
identity of the harder and softer parts of the well 
known two-part system which is generally accepted 
in the explanation of residual strains in metals after 
plastic deformation.” The results do appear, how- 
ever, to be more in line with the suggestions that the 
highly distorted material at or near crystal bound- 
aries is the harder part,”” rather than the sugges- 
tion that the harder part is an adjacent crystal of 
different orientation.” This is indicated by the ob- 
servation that values of strain in Table I obtained 
from differently oriented groups (with cobalt and 
chromium radiation) were similar. The differences, 
although real, are small and may be due to differ- 
ences in penetrating power of the radiations reveal- 
ing disturbances, which can be minimized but not 
completely eliminated, brought about by the sec- 
tioning and surface preparation of the specimen. 
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Melting of High Purity Uranium 


by Bernhard Blumenthal 


A melting process was developed by which high purity electrolytic uranium crystals can 
be converted into sound ingots without serious contamination. Careful preparation of the 
crystals, melting in a high vacuum, and directional solidification led to a metal of better 
than 99.993 wt pct purity. The metallographic examination showed a substantially clean 
metal with only residual amounts of a second phase which responded to heat treatment. 
The density of high purity uranium is 19.05 g per cu cm. 


OR the study of the fundamental properties of 

uranium and its alloys, a base metal of high 
purity is needed, and an investigation was started 
at Argonne several years ago to examine various 
methods of preparing high purity uranium. Early 
success was achieved by the fused salt electrolysis 
process in preparing high purity metal in crystal 
form, and the problem became that of melting the 
crystals into ingots without contamination. The elec- 
trolytic crystals contained a few ppm of heavy 
metals, less than 15 ppm C, and large quantities of 
potassium and lithium in the form of trapped fused 
salt electrolyte. On melting in vacuo in magnesia 
or urania crucibles, the metal picked up considerable 
quantities of carbon and some iron, copper, and 
silicon but lost most of the potassium and lithium. 
It was not metallographically clean, and much re- 
search work was necessary to determine the optimum 
melting conditions for minimum contamination. This 
work has resulted in the development of a melting 
procedure by which sound ingots can be prepared 
with only a limited contamination by carbon. 

In the section entitled “Melting of the Electrolytic 
Metal,” the equipment and processes that have been 
developed for melting the electrolytic crystals are 
described in detail. The ‘“Metallography” section is 
devoted to the metallography of high purity ura- 
nium, and the section “Density of High Purity Ura- 
nium” contains the first property measurement on 
high purity uranium—a density determination. 


Melting of the Electrolytic Metal 
Apparatus—Melting and Vacuum Equipment: Ura- 
nium may be melted in either resistance or induc- 
tion-type electric furnaces. Resistance heating was 
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found to be preferable to induction heating for melt- 
ing down the electrolytic crystals, for several rea- 
sons: Although induction heating permits fast heat- 
ing, this advantage cannot be utilized when crucibles 
with limited thermal shock resistance are used. 
Temperature control of induction-heated melts is 
poor, and the stirring effect increases the rate of 
contamination of the melt from the crucible, slag, 
or the furnace atmosphere; liquation and controlled 
solidification are difficult to carry out. Because of 
these objections, resistance heating was chosen. 

A 10 kw Globar resistance furnace of low heat 
capacity permitted uniform heating of a uranium 
charge to its melting point in 45 min. The furnace 
was insulated with a removable aluminum shield 
so that, after melting and removal of the shield, the 
furnace could be quickly cooled to room tempera- 
ture. The furnace was equipped with an apparatus 
for directional solidification; see Fig. la. The crucible 
was suspended in the center of the furnace; and 
when the melting was complete, the crucible was 
slowly lowered into the cold end of the furnace tube. 
Solidification took place upward from the bottom; 
and when the rate of lowering was small, a sound 
ingot free from sink holes and shrinkage cavities 
was produced. 

To remove the large quantities of gas contained 
in the electrolytic crystals, melting in a high vacuum 
is mandatory. While, from the standpoint of con- 
tamination, melting in a highly purified argon atmos- 
phere appeared feasible, lithium and potassium re- 
moval proved less efficient under such conditions. 
Also, a vacuum-melted ingot has a cleaner surface 
than one melted in an inert atmosphere. The vacuum 
system must be of very high pumping speed and 
leak tight so that a vacuum of less than 2x10“ mm 
Hg is attainable when the system is pumped down 
cold. The system must have a high pumping speed, 
so that the pressure maximum which may rise to 
1x10* mm during heating can be quickly reduced 
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Fig. la—The 10 kw Globar resistance furnace of low heat 
capacity was used for heating the uranium charges. Diagram 
shows the apparatus for directional solidification used with the 
furnace. 


into the 10° range. A satisfactory vacuum system 
was built from a CVD 556 Kinney mechanical fore- 
pump, a MB 200 Distillation Products booster pump, 
and a MCF 700 Distillation Products oil diffusion 
pump. A water-cooled baffle and a liquid nitrogen 
cold trap completed the system; see Fig. 2. Since 
molten uranium is very sensitive to the smallest 
amount of oil vapor in the system, it is most impor- 
tant that no oil diffuse back into the furnace cham- 
ber; the conventional pot-type liquid nitrogen cold 
trap is unsatisfactory. A Chevron-type cold trap, 
Fig. 3, through which no oil molecule could pass with- 
out hitting a cold surface, was developed and used. 
The total cross-section of the trap was large enough 
to keep losses of pumping speed relatively small. 

The temperature was controlled by a Pt—Pt-Rh 
thermocouple touching the outside center of the fur- 
nace tube and a Wheelco instrument in a conven- 
tional control circuit. For measuring the true tem- 
perature of the melt, the lowering apparatus was 
temporarily replaced by a head with an optical 
window and the temperature of a stationary melt 
measured with a Leeds and Northrup optical pyro- 
meter. The true temperature of a melt approaching 
thermal equilibrium was always found to be 10° to 
12°C lower than the temperature indicated by the 
Pt—Pt-Rh thermocouple. This correction was ap- 
plied to the temperature measured by the outside 
Pt—Pt-Rh thermocouple. It can safely be assumed 
that the temperatures thus measured are correct 
within +10°C. 

Crucibles: Graphite crucibles are not suitable for 
melting high purity uranium because they contam- 


1200—JOURNAL OF METALS, NOVEMBER 1955 


LU! M 


SPECIAL _TaW_NUTS 

i SAPPHIRE PIN 

Fig. 1b—An enlargement of por- 

A TaW_ SUSPENSION 20D 

tions designated 4 and 5 in Fig. |} 


la shows the suspension, within | | 
the furnace tube, of the urania I | 

crucible and tantalum container | IIB 
in a TaW cage. | 


TANTALUM COVER 


Taw PLATE 


(APPROXIMATE SCALE) b 
(% Reduction) 


inate the metal with carbon. Experiments were 
made with lime, alundum, zirconia, magnesia, and 
titanium carbide crucibles. All of these materials 
reacted with molten uranium. Real progress was 
made only after pure urania crucibles became avail- 
able.” Although urania reacts with uranium, the re- 
action is slow at moderate temperatures, since ura- 
nium does not wet the crucible, and an obvious 
penetration of UO, into the melt was observed only 
when the metal was heated in an induction furnace 
to about 1700°C. Improvements in the quality of 
urania crucibles, shortening the melting time, and 
reducing the holding time at the melting tempera- 
ture reduced the oxygen contamination; metal with 
less than 10 ppm O was readily produced. The 
urania crucibles lasted for four to five melts and 
would have lasted longer were it not for a slight 
undercut that slowly developed near the top of the 
melt which made it difficult to remove an ingot after 
several melts. 

Getters: During the development of the melting 
and vacuum equipment, it was noted that contam- 
ination of the electrolytic metal by carbon could be 
substantially reduced by placing the urania crucible 
inside a tantalum cup; see Fig. lb. The tantalum cup 
prevented the furnace atmosphere from reaching the 
electrolytic crystals or the molten metal without first 
coming in contact with the tantalum getter. Tantalum 
will remove residual organic vapors from the system 
and will permit fusion of electrolytic crystals into 
an ingot in a vacuum system without a cold trap. 
The use of a tantalum cup was of great help at a 
time when a vacuum system of high pumping speed 
with an efficient cold trap was not yet available. The 
present system with the Chevron-type cold trap no 
longer requires the use of the tantalum cup. In some 
experiments, zirconium partially or totally replaced 
tantalum without noticeable improvement. 

Analyses—Sampling Procedure: Because of the 
extreme sensitivity of uranium to oxidation and con- 
tamination by carbon, an elaborate sampling pro- 
cedure was used for the preparation of samples for 
analysis. After removal of the outer ingot layer, 
small turnings were taken at a slow rate from the 
entire cross-section with a carbide tool, using dis- 
tilled water as a coolant. The sample, in a glass 
bottle, was rinsed several times in acetone, then in 
dilute HNO,, and finally 15 to 20 times in pure dis- 
tilled water. The water was decanted and the sam- 
ple dried in a vacuum desiccator using a liquid 
nitrogen cold trap in conjunction with a small me- 
chanical oil pump. Care must be taken to prevent 
oil vapors from entering the vacuum desiccator. 
Because of its clean surface, the sample is pyro- 
phoric. Once a slight oxide coating has formed, the 
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Fig. 2—The furnace and vacuum system used in melting the elec- 
trolytic uranium are shown schematically. 


sample may be removed from the bottle for weigh- 
ing in air and subsequent analysis. 

This sampling method is used for carbon and 
nitrogen determinations only, since the glass itself 
may be a source of silicon contamination. Samples 
for spectrochemical analysis are cleaned with HNO, 
in a platinum dish, rinsed in distilled water, and 
dried with acetone. 

Analytical Methods: The various analytical meth- 
ods are adaptions of procedures previously described 
in the literature. The combustion method for carbon 
has been described by C. T. Rodden,* the Kjeldahl 
method for nitrogen by K. J. Jensen and R. J. 
Mundy,’ the vacuum-fusion method for oxygen by 
D. H. Templeton and J. I. Watters,* the capillary 
trap method of oxygen analysis by W. G. Smiley,’ 
the chlorine analytical method by R. G. Mansfield 
and D. H. Templeton,’ and the carrier distillation 
method of spectrochemical analysis by S. F. Scribner 
and H. R. Mullin.’ 

Electrolytic Metal and Its Preparation for Melt- 
ing—The electrolytic uranium is prepared by fused 
salt electrolysis, using a molybdenum cathode and 
a uranium anode in an electrolyte consisting of 
a eutectic mixture of LiCl and KCl and 30 pct 
UCI, at an initial current density of 100 amp per 
sq ft and at a temperature of 400° to 450°C in an 
argon atmosphere. The metal is low in carbon and 
spectrographically free from metallic impurities 
except for traces of aluminum, copper, iron, and 
silicon. It contains, however, lithium and potassium, 
probably in the form of trapped salt electrolyte. The 
electrolytic crystals are needlelike in shape and fre- 
quently exhibit a dendritic form, making it difficult 
to remove the trapped salt electrolyte and clean the 
metal thoroughly prior to melting. The cleaning 
procedure comprises: 1—treatment with HNO, for 
the removal of oxide films (concentration 1:3 
(HNO,:H,O) which may be varied, depending on 
the rate of dissolution), 2—washing for 48 hr in 
running tap water, 3—a second HNO, rinse to re- 
move the oxide film formed during washing, 4— 
rinsing five to ten times in distilled water, and 5— 
rinsing three times in 100 pct alcohol. 

The crystals are placed in a fine wire mesh stain- 
less steel basket and dipped first in a large beaker 
of HNO, and then in a beaker of water. For pro- 
longed washing, the basket is rotated in an inclined 
position in a trough with running water, causing the 
crystals to tumble. The tumbling action should be 
very slight to prevent the crystals from breaking up 
into fine particles. Subsequent rinses are made by 
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Fig. 3—Chevron-type 
cold trap shown in 
the diagram was de- 
veloped by Robert E. 
Macherey at Argonne 
National Laboratory. 
The total cross-sec- 
tion is large enough 
to keep losses of 
pumping speed rela- 
tively small. 
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dipping the basket in beakers containing HNO,, 
water, or alcohol. The clean grey crystals are col- 
lected on a fritted glass filter and most of the alcohol 
is quickly removed with an aspirator. The metal is 
placed in a porcelain dish, spread out, and placed in 
a vacuum desiccator connected to a mechanical oil 
pump equipped with a liquid nitrogen cold trap. 
After drying for 14% to 2 hr, the metal has a very 
slight yellowish tinge, indicating the beginning of 
formation of an oxide film. If the surface of the 
metal looks decidedly yellow-green, the oxide film 
is heavy enough to interfere with the subsequent 
fusion. The desiccator is placed in a glove box, since 
the pure dry uranium crystals are pyrophoric and 
require handling in an inert argon atmosphere. 

The metal is then pressed into compacts % or 1 in. 
diam by %4 in. in height under a pressure of 5000 psi. 
This pressure produces compacts of sufficient strength 
for handling, yet porous enough to permit gases to 
escape readily during heating. The crucible is 
charged inside the glove box with three to four com- 
pacts and quickly transferred to the furnace for im- 
mediate evacuation. The argon gas in the crucible 
protects the compact from ignition during transfer. 
The crystals and compacts are handled with clean 
grease-free tools. 

Melting Procedure—After careful cleaning and 
drying, the electrolytic metal still contains residual 
electrolyte, water vapor, alcohol, and dissolved hy- 
drogen. On first thought, it appeared advantageous 
to heat as slowly as possible to remove most of the 
gases at a low temperature. 

Slow heating, however, did not produce satisfac- 
tory ingots. The individual particles did not fuse 
together, apparently because very stable films formed 
on their surfaces during heating. It appeared to be 
more important to heat fast and to reduce the time 
during which large surface areas were exposed to 
oxidation than to heat at the lowest possible total 
gas pressure. Such procedure makes imperative a 
vacuum system of high pumping speed. 

The system is pumped down cold to an initial 
pressure of 5x10“ mm Hg. A pressure maximum of 
10* mm Hg occurs during the early heating period 
and cannot be explained by the evolution of hydrogen 
or other gases and vapors from the electrolytic crys- 
tals alone, since it occurs both on heating of elec- 
trolytic compacts and on remelting of primary ingots. 
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Table 1. Composition of Some Primary High Purity Electrolytic Uranium Ingots 


Chemical 
Analysis, Spectrochemical Analysis,{ 
Ingot Ppm; Ppm 
Melt Sample Weight, 
No. Location* G Cc N 10) Al Cr Cu Fe Mg Mn Si 
B-216 B 414 5 <10 _ <20 <1 <i 1 <0.5 <0.5 2 
14 <10 <20 <i 1 1 <0.5 1 
B-222 B 364 16 <10 —_— <20 <a} 2 <0.5 <0.5 2 
B-280 B 430 10 — —_— <5 3 1 10 <0.5 <0.5 5 
17 2 1 5 <0.5 <0.5 5 


* Letters for sample location represent: B, near the bottom end of the ingot; C, near the center of the ingot; BC, center of the bottom 


portion; and T, below the top of the ingot. 
+ Dashes indicate that values were not determined. 


+ All other elements including potassium and lithium were below the limits of spectrochemical detection. The limits of spectrochemical 


detection were similar to the ones listed in Table I, ref. 7. 


It may be assumed that the gases released from the 
refractories contribute to the pressure rise. The 
present melting procedure attempts to complete the 
melting of 300 to 800 g of metal in 45 to 50 min. 
When the thermocouple indicates a temperature of 
1200°C, the metal is kept at this nominal tempera- 
ture for 3 min and the crucible is lowered into the 
cold portion of the furnace at a rate of 13 in. per hr. 
The ingot is probably solid after 10 to 15 min. If the 
metal is kept molten for an extended period of time, 
it will pick up both carbon and oxygen. 

A satisfactory ingot obtained by this melting pro- 
cedure is shown in Fig. 4. The electrolytic crystal 


Fig. 4—A satisfactory standard pri- 
mary high purity uranium ingot 
B-236 produced by the process de- 
scribed is shown in the macrograph. 


Fig. 5 — Unsatisfactory 
primary high purity ura- 
nium ingot B-171  re- 
sulted when the metal 
was insufficiently wash- 
ed. If the 48 hr washing 
and subsequent HNO, 
rinse are omitted, the 
metal will fuse poorly 
and the ingot will ap- 
pear as shown in the 
macrograph. X2. 
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compacts were prepared for this melt by the method 
described in the preceding section. If the metal is 
insufficiently washed, i.e., if the 48 hr washing and 
subsequent HNO, rinse are omitted, the metal will 
fuse poorly and the ingot will look like the one 
shown in Fig. 5. When primary ingots are combined 
by remelting to form a large ingot, a bright ingot 
will be obtained with only the top surface of the 
ingot discolored by oxidation. Ingots weighing 800 zg 
have been produced by this method; see Fig. 6. 

Composition of High Purity Electrolytic Ingots— 
The composition of some high purity primary ingots 
made by the procedure described in the foregoing 
sections is shown in Table I. High purity uranium 
contains an average of 15 ppm C, less than 10 ppm 
N, 8 ppm O, and an average of 6 ppm Al, 2 ppm Cu, 
5 ppm Fe, 3 ppm Si, 0.5 ppm Mg, and occasionally 
0.5 ppm Mn. 

Table II shows the variation of the carbon content 
of top and bottom sections of four series of melts. 
Series A and B were made from crystals that were 
treated according to the procedure described in the 
preceding section. Series C and D were made from 
crystals that were not washed for 48 hr in running 
water according to step 2. The cleaning of these 
crystals began with step 3. The melts of series B 
and D were protected by tantalum cups. A statistical 


Fig. 6—Standard consolidated 
high purity uranium ingot B-235 
resulted when primary ingots 
were combined by remelting to 
form a large ingot. The surface 
is generally bright with the ex- 
ception of the top surface which 
is discolored by oxidation. X1. 
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analysis of these data shows that the use of a tan- 
talum cup does not significantly affect the carbon 
content of the metal. The carbon contents of the 
top sections are not consistently higher or lower 
than those of the bottom sections. The data of series 
A and B, on one hand, and of C and D on the other, 
may therefore be combined to yield an average 
carbon concentration. The data show that the carbon 
content of high purity metal made from washed 
crystals is 1642.3 ppm at a confidence limit of 95 
pet. The data also show that the accuracy of a single 
carbon determination is +6 ppm and that the accu- 
racy of duplicate determinations is +4.5 ppm at 95 
pct confidence limit. 

The difference between 16 and 20 ppm C for metal 
made from crystals that were washed for a long 
period of time and others that were washed for only 
a few minutes may appear insignificant in view of 
the overlapping deviations and the spread of dupli- 
cate carbon determinations. While improvements in 
the appearance of the ingot and the better fusion of 
washed crystals may be sufficient to justify the pro- 
longed washing, it is nevertheless felt that washing 
helps to control the carbon content of the metal in 
the following manner: The electrolytic crystals 
themselves probably have a very low carbon con- 
tent. A substantial portion of the carbon content of 
the crystals is not in solution but is suspended in 
the salt electrolyte trapped in the crevices and cor- 
ners of the dendritic crystals. Washing, therefore, 
should help to remove the salt and its carbon con- 
tent. In any event, the carbon content of the pri- 
mary ingots became consistently low only after pro- 
longed washing was introduced into the process. 


The oxygen content of high purity uranium was 
first determined at Sylvania Electric Products Inc. 
by vacuum-fusion analysis on 19 samples from four 
ingots giving an average of 8.4 ppm. When oxygen 
analyses could be made at Argonne, several more 
ingots were analyzed, and values of 5 to 8 ppm were 
obtained for primary melts. In view of the con- 
sistency of the results obtained at Argonne, it is felt 
that 8 ppm is a significant value for the oxygen con- 
tent of primary high purity uranium. Chlorine 
analyses of a primary ingot (B-256) gave 4 to 6 ppm 
Cl. For analyses of large ingots consolidated from 
primary ingots, or portions thereof, see Table III. 

By adding the average concentrations and allow- 
ing 15 ppm for the sum of all impurities not detected 
by the spectrographic method, high purity electro- 


Fig. 7—Micrograph of high purity uranium 
as-polished shows no large inclusions but 
numerous minute ones. X100. Area reduced 
approximately 30 pct for reproduction. 
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Fig. 8—When the high purity uranium was 
etched with HsC,O,, a uranium became visible, 
and also seen were traces of a second phase 
which appears as an incomplete eutectoid net- 
work that does not follow the a grain bound- 
aries. X100. Area reduced approximately 30 
pct for reproduction. 


Table Il. Carbon Content of High Purity Uranium Ingots 


Carbon Content in Ppm 


Top Bottom 


Num- Sec- Sec- Aver- 
ber Conditions tion tion age 
B-216 A—Crystals washed in running 13, 14 3,7 9,25 
B-222 water. Melt protected by 22, 26 ily, 19.25 
B-225 tantalum.* 10 10 10.0 
B-236 17, 18 — 17.5 
B-213 ¢ B—Sameas A but melt not 20, 14 — 17.0 
B-220 protected by tantalum.* oe ao) 16, 24 14.8 
B-221 18, 20 16,19 18.3 
D-224 12 i 11.5 
B-226 < 15 19 17.0 
B-227 12 16 14.0 
B-232 20, 22 2121 21.0 
B-233 16, 15 = 15.5 

B-234 21 21 

B-178 ¢ C—Crystals washed for short 15520 19, 25 21.0 
B-179 time only. Melt protected 25, 26 Pathe PA) 27.0 
B-181 by tantalum. ily, 25} 
B-182 24, 33 13, 19 22.3 
B-196 — 11, 20 15.5 
B-188 < 15,16 13, 14 14.5 
B-183 21, 22 15, 23 20.3 
B-195 —_— 24, 29 26.5 
B-201 16,19 15,18 17.0 
B-202 18, 24 22.5 
B-190 D—Same as C but melt not 14, 16 16, 20 16.5 
B-191 protected by tantalum.+ 19, 22 17, 23 20.3 


* Average of conditions A and B was 15.9+2.3 ppm at 95 pct con- 
fidence limit. 

+ Average of conditions C and D was 20.0+2.3 ppm at 95 pct con- 
fidence limit. 


lytic uranium is estimated to be better than 99.993 
wt pct pure. 


Metallography 

Preparation of Metallographic Specimens—After 
mechanical preparation, the specimens were electro- 
polished in an electrolyte containing 5 parts of 85 pct 
H.PO,, 8 parts of ethyl alcohol, and 5 parts of ethylene 
glycol at a current density of 30 milliamp per sq cm, 
using a stainless steel cathode and a platinum wire 
anode in contact with the surface of the specimen. 
They were etched electrolytically in a solution of 
2 g citric acid, 0.5 cu cm HNO, (1.42), and 97.5 cu 
cm water at 15 milliamp per sq cm current density. 
In some cases, an electrolyte of 8.5 g H.C.O, in 100 
cu cm water was used. 

Microstructure—Electrolytic uranium that has 
been melted and directionally solidified has a micro- 
structure as shown in Figs. 7 and 8. As-polished, the 
metal contains no large inclusions but numerous 
minute ones. As electrolytically etched, the metal 
shows a uranium and traces of a second phase which 


Fig. 9—Numerous minute particles, believed 
to be particles of residual fused salt elec- 
trolyte, shown in uranium as-polished, were 
practically absent from high purity uranium 
that was liquated for 24 hr at 1200°C. X100. 
Area reduced approximately 30 pct for re- 
production. 
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Fig. 10—When high purity uranium was etched 
with citric acid and HNOs, comet trails which 
resemble channels, mostly empty, appeared. 
X100. Area reduced approximately 30 pct for 
reproduction. 

duction. 


appears as an incomplete eutectoid network that does 
not follow the boundaries of the a grains. This phase 
will be referred to as precipitate in the following 
discussion. 

The many minute inclusions that are observed in 
high purity uranium (Fig. 7) appear as round or 
almost square holes at high magnification. Some- 
times these inclusions are more numerous near the 
top of an ingot than near its bottom, and it is sus- 
pected that they are small particles of residual fused 
salt electrolyte. These particles are practically ab- 
sent from metal that has been liquated for 24 hr at 
a temperature of 1200°C (Fig. 9). 

The presence of the precipitate is minimized by 
rapid melting. Since the precipitate occurs in metal 
of both high and low carbon content, it was first 
thought to be associated with the oxygen content of 
the metal. However, the oxygen content of the metal 
turned out to be low. The precipitate is probably 
U(C, N, O) of which very small concentrations can 
be observed metallographically. Ten ppm of carbon 
by weight are the equivalent of 291 ppm UC by 
volume, a ratio that may partially explain the phe- 
nomenon. The ratios for the UN and UO are 239 
and 213, respectively. Etching makes the individual 
particles which form the precipitate appear larger 
than they really are, and the volume of the total of 
all the impurities may account for the observed 
quantities of precipitate. Since the precipitate can 
be influenced by heat treatment, as discussed sub- 
sequently, its presence indicates a more or less con- 
taminated metal. 

“Comet Tail” Phenomenon: A peculiar phenom- 
enon occurs on electrolytic etching of high purity 
metal (Fig. 10).» Metal etched electrolytically in 


Fig. 11—Micrograph of directionally solidified Fig. 12—After the uranium shown in Fig. 11 
uranium shows an increased amount of pre- 
cipitate from an area adjacent to the peri- 
phery of the ingot. Sample was etched. X50. 
Area reduced approximately 30 pct for repro- 


was annealed for 3 hr at 950°C and water 
quenched, all of the precipitate is in solution. 
Sample was etched. X50. Area reduced ap- 
proximately 30 pct for reproduction. 


citric acid and HNO; shows comet tails that in shape 
resemble channels, in most cases, empty ones. The 
comet tails are parallel within one a grain. They do 
not occur when the metal is electrolytically etched 
with H.C.O, (Fig. 8). An HNO, etch subsequent to an 
H.C.O, etch also makes them appear. The comet tails 
are not caused by mechanical deformation inadvert- 
ently produced during the preparation of the speci- 
mens by cutting and grinding, since removal of 
metal from the surface of a specimen to the depth 
of 1/16 in. by electrolytic polishing does not elim- 
inate their appearance on subsequent electrolytic 
etching. The comet tails are not affected by heat 
treatment and, therefore, are probably not caused 
by the presence of small uranium oxide, carbide, or 
nitride inclusions. 

Sometimes the comet tails are more numerous 
near the top than near the bottom of a slowly direc- 
tionally solidified ingot. They do not appear after 
liquation (8 hr at 1200°C). This might indicate that 
they are caused by a relatively light contaminant 
which is insoluble in uranium. Since the chlorine 
content of the metal is reduced from 4 to 6 ppm to 
less than 1 ppm during an 8 hr liquation at 1200°C, 
it may be that the comet tails are caused by the 
presence of residual fused salt electrolyte which is 
removed during the metallographic preparation. The 
removal of the contaminant may leave a channel- 
like cavity or a short hole which may become the 
starting point of a preferential dissolution of the 
base metal. On the other hand, it is quite possible 
that the comet tails are nothing but a preferential 
electrolytic etching effect. 

Effect of Heat Treatment on Microstructure—If 
uranium is heat treated for 3 hr at 1000°C and water 


Table III. Compositions of Some High Purity Consolidation Ingots Made from Standard Primary Uranium Ingots 


Chemical 
Analysis, Spectrochemical Analysis, 
Ingot Ppm; 
Melt Sample Weight, 
No. Location* G Cc N (0) Al Cr Cu Fe Mg Mn Si 
B-235 B 802 18 cls} — 10 <1 3 15 0.5 0.5 5 
28 <10 10 2 10 0.5 S08 8 
B-244 B 704 15 <10 8 8 <al 1 13 0.5 2 <10 
B-272 B 806 10 — — 5 1 1 7 OS 0.5 5 
B-335 19 iG — 5 1 1 2 0. 
gi 17 4 — 5 <2 2 2 <0.5 <0.5 10 


* Letters for sample location represent: B, near the bottom end of the ingot; C, near the center of the ingot; BC, center of the bottom 


portion; and T, below the top of the ingot. 
+ Dashes indicate that values were not determined. 
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Fig. 13 — Subsequent 
annealing for 3% 
weeks at 635°C of the 
uranium shown in Figs. 
1] and 12 produced . 
well formed a grains 
with the precipitate re- 
appearing both inside 
the grains and on the 
grain boundaries. Sam- 
ple etched. X50. Area 
reduced approx. 30 pct 
for reproduction. 


quenched, the precipitate will go into solution. If 
sufficient precipitate was originally present, it will 
reprecipitate on annealing in the high a range, e.g., 
for three weeks at 600°C. On reannealing in the y 
range and subsequent slow cooling, the precipitate 
will reappear in a dendritic pattern. Annealing in 
the 8 range does not dissolve the precipitate as 
readily as annealing in the y range. A series of repre- 
sentative microstructures is shown in Figs. 11 to 14. 
Fig. 11 shows a high purity uranium with an in- 
creased amount of precipitate from an area adjacent 
to the periphery of the ingot. After 3 hr at 950°C 
and water quenching, all of the precipitate is in 
solution (Fig. 12). Quenching did not suppress the 
y to B to a transformations; the a grain boundaries 
are rather ragged. Subsequent annealing for 3% 
weeks at 635°C produced well formed a grains with 
the precipitate reappearing both inside the grains 
and on the grain boundaries (Fig. 13). Subsequent 
annealing for 1 hr at 950°C and slow furnace cool- 
ing reproduces a network pattern, coarser but other- 
wise similar to the original network precipitate 
(Fig. 14). 
Density of High Purity Uranium 

Directionally solidified high purity uranium has 
a density of 19.050+0.002 g per cu cm at a confidence 
limit of 95 pet. This density value is an average of 
24 determinations on two cylindrical specimens by 
the method of displacement of CCl. 

This value is identical with the one reported by 
Katz and Rabinowitch to be the most reliable one.* 
The theoretical density calculated from X-ray data 
by Warren and Jacobs’ with a, = 2.852, b) = 5.865, 
and c, = 4.945 is 19.00 g per cu cm, considering that 
these parameters are almost certainly kX units,” and 
using an Avogadro number of 6.0235x10” and a con- 
version factor from kX to A units of 1.002034. The 
same calculation for data by Gordon” for a = 2.8482 
kX, b) = 5.8565 kX, and c, = 4.9476 kX yields 19.042 
g per cu cm. C. M. Schwartz and D. A. Vaughn” 
determined the lattice constants on uranium and 
found a, = 2.854A, b, = 5.8670A, and c,. = 4.9555A. 
These values give a theoretical density of 19.053 g 
per cu cm. 

Summary 

A melting process has been developed for the con- 
solidation of high purity electrolytic uranium crys- 
tals into sound ingots of high density without serious 
contamination. The metal is estimated to be better 
than 99.993 wt pct pure and is metallographically 
reasonably free from impurities. 
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Fig. 14 — Subsequent 
annealing for 1 hr at 
950°C and slow fur- 
nace cooling of the 
uranium shown in Fig. 
13. produced a_ net- 
work pattern that was 
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coarser than, the pat- 
tern of the original pre- 
cipitate, Fig. 11. Sam- 
ple etched. X50. Area 
reduced approx. 30 pct 
for reproduction. 
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Deformation Mechanisms of Alpha-Uranium Single Crystals 


by L. T. Lloyd and H. H. Chiswik 


The operative deformation elements in a-uranium single crystals under compression at room 
temperature have been determined as a function of the compression directions. The deformation 
mechanisms noted may be arranged with respect to their frequency of occurrence and ease of 
operation in the following order: 1—(010)-[100] slip, 2—{130} twinning, 3—{~172} twinning, 
and 4—under special conditions of stress application, kinking, cross-slip, {~176} twinning, and {011} 
slip. The composition planes of the {172} and {176} systems were found to be irrational. Cross- 
slip was shown to be associated with the major (010) slip system, coupled with localized inter- 
action of slip on the (001) planes. The mechanism of kinking was found to be similar to that 
observed in other metals in that it occurred chiefly when the compression direction was nearly 
parallel to the principal slip direction [100] and was associated with a lattice rotation about an 
axis contained in the slip plane and normal to the slip direction: the [001] in the uranium lattice. 
The resolved critical shear stress for slip on the (010)-[100] system was found to be 0.34 kg per 
mm2. In a single test it was shown that under compression in suitable directions twinning on the 


{130} also occurs at 600°C. 


EFORMATION mechanisms of large grained 

polycrystalline orthorhombic a-uranium have 
been studied by Cahn. A major slip system iden- 
tified as the (010) with a probable [100] slip direc- 
tion and a minor slip system on the {110} planes 
were reported; the slip direction of the minor sys- 
tem was not determined. The twinning systems that 
were identified experimentally included the {130} 
and the irrational {172} composition planes; obser- 
vations of other traces which were not as frequent 
and which did not lend themselves to positive ex- 
perimental identification led Cahn to postulate on 
the basis of indirect evidence that twinning also 
occurred on {112} and {121} planes. In addition to 
the foregoing slip and twinning mechanisms, Cahn 
also observed kinking and cross-slip in conjunction 
with the major (010) system; the cooperative cross~ 
slip plane was not identified. 

The availability of single crystals to the present 
authors has enabled them to check these results, 
particularly with reference to the doubtful mech- 
anisms and the preference of operation of any one 
mechanism in relation to the direction of stress 
application. The tests were confined to compression 
only, primarily because of experimental limitations 
imposed by the size and shape of the available crys- 
tals. The tests were performed at room temperature 
except for one crystal compressed at 600°C. The 
compression directions were chosen to obtain a rep- 
resentative coverage of one quadrant of the stereo- 
graphic projection. To test the existence of some 
of the deformation elements that were reported by 
Cahn, but were not found in the present study, sev- 
eral additional crystals were compressed in speci- 
fically chosen directions considered most ideal for 
their operation. 


Experimental Techniques 
The single crystals were obtained by the grain 
coarsening technique described by Fisher.” They 
were prepared into suitable geometrical shapes by 


L. T. LLOYD, Junior Member AIME, and H. H. CHISWIK, Mem- 
ber AIME, are associated with Argonne National Laboratory, 
Lemont, III. 

Discussion of this paper, TP 4106E, may be sent, 2 copies, to 
AIME by Jan. 1, 1956. Manuscript, Feb. 28, 1955. Chicago Meet- 
ing, February 1955. 
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Fig. I1—Single crys- 
tal ready for com- 
pression __ illustrates 
the general shape of 
crystals that were 
compressed at room 
temperature. The two 
metallographic faces 
appear to the left. 


grinding and polishing on rotating laps, with final 
surface preparation performed in a H,;PO,-HNO, 
electropolishing bath. A typical crystal readied for 
compression is shown in Fig. 1; their dimensions 
were rather small and depended upon the testing 
direction. Crystals isolated for compression in a 
direction close to the [010] axis, which lay roughly 
parallel to the longitudinal axis of the polycrystal- 
line rod, were about 3 to 4 mm long and 5 mm? in 
cross-section, while those prepared for compression 
in other directions were smaller. 

Most of the crystals were free from twin mark- 
ings and showed no evidence of Laue asterism. Sev- 
eral crystals, however, contained twin traces prior 
to compression; these were identified prior to com- 
pression so as to clearly distinguish them from those 
initiated during deformation. The origin of the twin 
markings prior to deformation may be ascribed to 
two sources: thermal stresses and specimen hand- 
ling during isolation and preparation. Two other 
types of imperfections in the crystals should be 
mentioned: inclusions, which were probably oxides 
or carbides, and three of the crystals contained a 
small number of spherical included grains (<0.01 
mm diam), which were remnants of unabsorbed 
grains from the coarsening treatment. The volume 
represented by these imperfections was small, and 
their presence presented no difficulties in the inter- 
pretation of the macrodeformation processes during 
subsequent compression. 

Two compression fixtures were employed: crys- 
tals A, B, C, E, and G were compressed in a hand- 
operated screw-driven jig whose compression 
platens were designed to minimize axial rotation; 
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the remaining crystals were compressed in a second 
fixture which was designed to further minimize the 
restraining forces at the compression faces by allow- 
ing their relative movement with respect to each 
other and to give a continuous record of the load- 
contraction curve. A schematic drawing of the latter 
fixture is shown in Fig. 2. The upper compression 
platen A had a spherical surface ground on its upper 
end; a matching spherical surface ground on plate 
B affixed to the cross-head of the machine insured 
axial loading. The lower compression platen C was 
supported by ball bearings, with the latter resting 
on base D. The platen surfaces in contact with the 
specimen and the surfaces in contact with the ball 
bearings were ground optically flat. 

Load-contraction curves were recorded automat- 
ically by means of an extensometer attached to the 
upper and lower platens. The crystals were com- 
pressed in a screw-driven tensile machine at an 
average strain rate of 4x10“ in. per min. At the 
first indications of a sudden drop in load or a change 
in slope in the load-contraction curve, compression 
was interrupted and the crystal removed for metal- 
lographic and X-ray studies. This process was re- 
peated on each crystal until it was evident that no 
further types of deformation markings would appear. 

The orientations of the crystals were determined 
from back-reflection Laue photograms.® Trace iden- 
tifications were made by either two-surface analysis 
or by the’pole-locus* method. By means of a special 
micrometer specimen holder which permitted pre- 
choosing of the area to be X-rayed, direct experi- 
mental verifications of the orientation relationships 
between parent and twinned portions were obtained 
from Laue photograms, containing both matrix and 
twin reflections. 


2 — Schematic 
drawing shows the 
second compression 
fixture which was de- 
signed further 
minimize the re- 
straining forces at 
the compression 
faces. Letters repre- 
sent: A, upper com- 
pression platen; B, 
platen affixed to the 
cross-head of the 
machine; C, lower 
compression platen; 
and D, the base on 
which platen C, sup- 
ported by ball bear- 
ings, rested. 


Fig. 


Table I. Compression Directions with Reference to Principal Axes 
in a-Uranium 


Displacement of Compression Direction From, 
In Degrees 


Crystal [100] [010] [001] 
A 88 16.5 74 
B tal 80.5 22 
€ 56 34 89 
E 87 89 3 
G 2 89 88.5 
I 74 16 89.5 
J 73 24.5 73 
K 32 ih, 61.5 
L 89 89.5 
M 64 78 29 
N 19.5 71 89 
27 84.5 64 
P 89 61 29 
Q 59 88.5 31 
R 42 81.5 44 
S 89.5 9.5 80.5 
Ay 27.5 90 62.5 
U 89.5 yl 63 
AY 70 49.5 47.5 
WwW 46 49 
x Sl 64.5 72.5 
ay? 46 89 44 

600°C Compression 
F 89 1 90 
Results 


Twenty-two crystals were compressed at room 
temperature and one at 600°C. The compression 
directions are plotted in (001) standard projection 
in Fig. 3; their angular displacements with refer- 
ence to the principal crystallographic directions are 
tabulated in Table I. The experimental data are 
discussed with reference to the modes of deforma- 
tion that were observed. 

Slip Mechanisms—(010) Slip: The most frequently 
observed deformation mechanism was slip on the 
(010) plane. All crystals except A and FE contained 
traces which could be ascribed to (010) slip; see 
Fig. 4. It should not be inferred, however, that slip 
on the (010) plane was the predominant or pre- 
ferred mode of deformation; in most instances, it 
was accompanied by twinning on one or more twin 
systems, by kinking, or by cross-slip. Only crystals 
N and X deformed exclusively by (010) slip; erys- 
tals C and W deformed mostly by (010) slip al- 
though some propagation of {130} twinning was 
noted. From Fig. 3 it is evident that these four 
crystals were favorably oriented for (010) slip. 

The slip direction for this system may be deduced 
from several considerations. In nearly all metals, 
the slip direction is the most densely packed direc- 
tion in the slip plane; this criterion would point to 
the [100]. Two experimental observations would 
seem to substantiate this. The asterism of Laue spots 
resulting from slip deformation has been shown in 
other metals to be due to an accompanying rotation 
about an axis lying in the slip plane and perpendic- 
ular to the slip direction.* Back-reflection photo- 


Fig. 3—Compression di- 
rections studied are plot- 
ted in (001) standard pro- 
jection. Dotted lines de- 
lineate areas of operation 
of various «mechanisms: 
(010) slip, all crystals ex-— 
cept A, E; {130} twin- 
ning, areas |, Il; {172} 
twinning, area II; {176} 
twinning and {011} slip, 
crystals E, Y; cross-slip, 
upper portion of area III; 
kinking, lower portion of 


(OO) 


Fig. 4—Two-surface anal- 
yses of deformation traces 
for all crystals are sum- 
marized. Also included is 
a summation of pole-loci 
of {011} slip traces on 
crystals E and Y. 


(100) 


area III. 
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Fig. 5—Cross-slip in 
crystal Y is shown. 
The vertical (010) 
slip lines are joined 
by short (001) slip 
lines, resulting in the 
irregular traces. 
Bright field. X250. 
Area reduced ap- 
proximately 30 pct 
for reproduction. 


grams taken from crystals that deformed by (010) 
slip invariably showed little or no distortion of the 
(001) pole, with considerable rotation of the other 
poles about it. In orthorhombic uranium the [001] 
direction lies in the (010) plane and is perpendic- 
ular to the [100] direction, indicating the latter to 
be the slip direction. A similar deduction may be 
derived from considerations of kinking which has 
been shown in all cases to occur when the direction 
of compression is nearly parallel to the slip direc- 
tion.” As will be discussed, kinking was observed in 
crystals compressed in directions near the [100]. 

The critical resolved shear stress which is required 
for the initiation of substantial slip on the (010) 
plane was calculated from the data of crystals I, J, 
and W. These were the only crystals whose com- 
pression directions and length sizes were such that 
permitted slip to occur throughout the entire cross- 
section of the crystal, without interference from end 
restraints at the compression platens. The yield load 
was taken as that value at which the load-contrac- 
tion curve deviated from linearity. The calculated 
values of shear stress for slip, resolved into the 
(010) plane and [100] direction, were 0.35, 0.36, 
and 0.32 kg per mm’ for crystals IJ, J, and W, respec- 
tively. 

{011} Slip: Eight sets of deformation traces on 
crystals E and Y were identified by the pole-locus 
method as being of the {011} family. These traces 
appeared on both metallographic faces of the crys- 
tals, but they were short and could not be matched 
across the common edge for two-surface analysis. 
A summation of the pole-loci of the eight trace 
directions, two from each metallographic face, is 
shown in Fig. 4. Metallographic evidence indicated 
these to have slip as their origin, in that subsequent 
electropolishing readily removed them. In most cases 
these slip traces emanated from the tips of {176} 
twins (e.g., trace g, Fig. 11), which indicates that 
they require rather complex stress systems for their 
initiation and that they probably represent a form 
of strain relief or accommodation for this twin sys- 
tem. Inasmuch as in crystal E there was an ex- 
tremely small component of applied shear stress in 
the [100] direction, the investigator may speculate 
that the {011} slip must have been produced as an 
accommodation for the {176} twins, provided, how- 
ever, that the [100] is assumed to be the slip direc- 
tion—which is likely in that it is the most densely 
packed direction in that plane. It must be empha- 
sized that this slip system was observed in only two 
crystals compressed in directions most unfavorable 
for slip on the major (010) system; hence, its role 
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Fig. 6—-Multiple 
kinking and irregu- 
lar cross-slip traces 
in crystal T are 
shown. X22. Area 
reduced approxi- 
mately 30 pct for re- 
production. 


a—{130} plane. 


b—{172} plane. 
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c—{176} plane. | | 


(13) X10) 
AMD etry 


Fig. 7—Crystallographic orientation relationships of twins are 
shown in projections a, b, and c. Symbols represent: open circles, 
orientation of parent; triangles, orientation of twin; and solid cir- 
cles are observed reflections on Laue photograms. 


as a deformation mechanism in compression must 
be viewed as minor; furthermore, its identification 
by the pole-locus method is necessary but not suffi- 
cient. 
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a—Standard projection for {130} plane. 


b—Standard projection for {172} plane. 


c—Standard projection for {176} plane. 


_ Fig. 8—Projections show areas of compression for twinning on the indicated systems. Letters indicate crystals yielding the 
respective twin systems. Single cross-hatching indicates that one twin plane will operate, double cross-hatching that two 
twin planes will operate, triple cross-hatching, three, and quadruple, four. 


Cross-Slip—Cross-slip deformation was obtained 
in crystals M, Q, R, T, and Y which were compressed 
in directions nearly parallel to the (010) plane. The 
early stages of deformation were characterized by 
a general surface roughening followed by the forma- 
tion of distinct irregular traces. At high magnifica- 
tions, the irregular traces were resolved into two 
distinct directions, e.g., Fig. 5. One of these traces, 
appearing almost parallel to the compression direc- 
tion, was analyzed by pole-locus method to origi- 
nate in (010) slip; the other trace directions ap- 
peared as short segments connecting the (010) slip 
traces. By extending the latter to the common ref- 
erence edge and applying two-surface analysis, they 
were identified as (001) planes (Fig. 4). 

In cross-slip, the slip direction is the same for the 
participating planes,”” which would point to the 
[100] as the slip direction for the (001) plane. Some 
evidence for this may be derived from the fact that 
the gross displacement of one end of the crystal with 
respect to the other was in the [100] direction; also, 
the asterism of the Laue spots indicated a rotation 
about the [010] direction. This is the type of Laue 
spot distortion that would be expected from slip on 
the (001) plane in the [100] direction. It must be 
pointed out, however, that it was impossible to 
uniquely solve for rotation about the [010] direction 
because of the accompanying rotational asterism 
resulting from slip on the (010) planes. 

Kinking—Kinking was observed in crystals G, K, 
O, and T. Two-surface analysis of the planes bisect- 
ing the slip planes in the parent metal and in the 
kink bands indicated their poles to lie near the [100] 
direction, Fig. 4. The formation of kink bands was 
characterized by sudden drops in load and audible 
clicking in much the same manner as during twin- 
ning. Crystals yielding this deformation exhibited 
considerable surface tilting in the form of bands 
ranging in width up to 0.1 mm, Fig. 6. In some 
cases the bands passed completely through the crys- 
tal with reasonably parallel boundaries; in others, 
the kink bands assumed lenticular shapes and ended 
within the bounding surfaces of the crystal. Twins 
that were present prior to compression were found 
to be bent at the kink band boundaries. In some 
instances {130} twins were formed within the kink 
bands; the compression directions were such that 
this twinning should not have occurred under condi- 
tions of simple axial loading, and it must be as- 
sumed that these were formed as a result of complex 


stresses. 
Laue patterns from kinked areas exhibited exten- 
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sive rotational asterism about the [001] direction, 
which is consistent with the type of asterism ob- 
served for the (010)—[100] slip system. In this 
sense, the kinking mechanism would appear to be 
basically associated with the major slip process and 
to be consistent with observations on other metals,” 
where it has been shown that the process may be 
described crystallographically as a rotation about an 
axis which lies in the slip plane and is normal to the 
slip direction—in uranium the [001]. 
Twinning—Three operative twinning systems 
were identified in the present study. They may be 
described in terms of their composition planes as 
1—{130}, 2—{172}, and 3—{176}. The latter two 
have irrational indices; the indicated indices are 
those of planes close to the composition planes. 
{130} Twinning: The most frequently observed 
twinning was on the {130} plane. Seventeen two- 
surface analyses of the composition plane (K,)* 


* For a good summary of twinning element terminology, see ref. 
3. 


yielded solutions within a range of approximately 
3° of the {130} poles, Fig. 4. Metallographically, 
these twins exhibited straight and parallel bound- 
aries whenever they passed through the crystal; 
they assumed lenticular shapes when they termi- 
nated within the crystal. 

Solutions of Laue photograms containing reflec- 
tions from both parent and twinned portions indi- 
cated the parent and twin lattices to be mirror 
images in the {130} planes, with a common (001) 
plane, Fig. 7a. The other crystallographic elements 
of this twin system, the n, K», and n, have been 
identified by Cahn’ and verified by the present study 
as <310>, {110}, and <110>, respectively. 

From geometrical considerations, the crystallo- 
graphic directions of compression which are com- 
patible with twinning on this system must lie within 
the acute angle portion of the unit sphere bounded 
by the K, and K, planes. This region is shown in 
Fig. 8a as the cross-hatched area of the standard 
projection; single hatching indicates that only one 
{130} type twin will operate in that area and double 
hatching that the two {130} type twins will operate. 
Superimposed on this projection are the compression 
directions of the crystals that exhibited deformation 
by this system. Agreement between predicted and 
observed areas of operation is good. The {130} 
twins in crystals B and E formed after considerable 
deformation by other mechanisms had occurred and 
only to a limited extent. Possibly, the crystallo- 
graphic orientations of the compression directions 
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was compressed. Various planes are marked. 
X%. Area reduced approximately 10 pct for 
reproduction. 


compression. Polarized light. X250. Area re- 
duced approximately 10 pct for reproduction. 


c—Photogram shows asterism after crystal A 
was compressed. Various planes are marked. 
X¥. Area reduced approximately 10 pct for 
reproduction. 


A 


Fig. 9—Asterism in crystal A that accompanies extensive {130} 
twinning, together with an illustration of microstructure and an 
analysis, is shown in two photograms, micrograph, and projection. 


had been sufficiently changed as a result of prior 
deformation to allow these twins to form. 
Extensive {130} twinning was always accompa- 
nied by (010) slip; this was true even in crystal L 
which was compressed nearly perpendicular to the 
(010) plane, thus indicating that extensive {130} 
twinning is always accompanied by this accom- 
modating mechanism. This is verified by Laue photo- 
grams from crystals deformed principally by {130} 
twinning which invariably showed rotational as- 
terism of the spots about the [001] axis, as is well 
illustrated in Figs. 9a and 9c for crystal A. This 
type of lattice rotation is crystallographically simi- 
lar to rotations that have been observed in other 
crystals under conditions of deformation that cause 
inhomogeneous shear or slip, such as kinking, in 
that the rotations are about an axis that lies in the 
slip plane and perpendicular to the slip direction. 
Ideally, when a crystal is twinned and the twin 
traverses the whole crystal, there should be no rota- 
tions but only a displacement of the planes corres- 
ponding to the total shear. In practice, however, 
this is not the case, as inhomogeneities of shear arise 
from several sources: either the twin does not go 
through the crystal, or perhaps it encounters an- 
other twin which prevents its shearing propagation. 
Judging from the microstructure (Fig. 9b), this is 
precisely the condition in crystal A, since both the 


(130) and (130) twins were operative. The method 
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d—-Projection shows an analysis of asterism 
rotation with the (001) plane pole rotated 
into the center of the projection. 


of compression used for crystal A made no allow- 
ance for the relative motion of one end of the crystal 
with respect to the other and under such conditions 
a lattice rotation would be necessary to accommodate 
the twin. Such lattice distortions to accommodate 
twinning have been shown by Pratt and Pugh” to 
exist also in zinc. 

The magnitude of this accommodation rotation 
was determined stereographically for the photogram 
of Fig. 9c. Fig. 9d shows the solution with the (001) 
plane pole rotated into the center of the projection. 
The discrepancy. between the observed values of the 
magnitude of rotation is partially due to the in- 
ability to read the diffuse extremities of the arcs 
accurately and/or the possibility that the arcs of 


the (116) and (225) reflections might also include 
some intensity from the twinned material. This 
degree of rotation is approximately what might be 
expected on the basis of the magnitude of shear re- 
ported by Cahn for this twinning systein (s = 0.299 
and 2¢ = 81.5°). 

{172} Twinning: The second most frequently ob- 
served twinning system had an irrational composi- 
tion plane with approximate indices of {172}. The 
identity of the composition plane (K,) was obtained 
in six two-surface analyses; see Fig. 4. Stereographic 
solutions of Laue photograms from crystals J and P 
which contained both parent ‘and twin reflections 
indicated the twinned material to be a mirror image 
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in a plane perpendicular to a <312> direction (Fig. 
7b); in a twin of this kind, the latter is also the 
shear direction (,). 

The metallographic appearance of these irrational 
twins was similar to the {130} type except that they 
were generally not as wide. These twins were found 
to grow progressively with gradual increases in load, 
as illustrated in Fig. 10; in the initial compression, 
twin A has progressed only a little more than half- 
way across the face; during the second compression 
the twin has extended and traversed the face en- 
tirely and twins B and C have been initiated; dur- 
ing the third compression, the latter grew sufficiently 
to cross the entire face. 

Fig. 8b depicts the areas of crystallographic direc- 
tions which would result in twinning on this system 
in compression, together with the compression direc- 
tions that exhibited this deformation mechanism. 
The correspondence between the required and ex- 
perimental directions is good, except for crystals E 
and G. The {172} twin traces in these crystals could 
be extraneous ones caused by handling or it is possi- 
ble that they were formed by complex stress pat- 
terns resulting from prior deformation mechanisms. 

{176} Twinning: A third twinning system was 
identified in crystals E and Y. The first compression 
of crystal E was accompanied by an audible click 
and the formation of several sets of twin traces; a 
composite micrograph of the metallographic faces 
is shown in Fig. 11. Two-surface analyses of traces 
c-d and e-f indicated the twin composition planes 
to have irrational indices close to {176}; this was 
substantiated independently by a pole-locus analysis 
of the single trace directions h, 0, s, and vt on the 


+ Trace v is not shown in Fig. 11; it was developed on face A 
after a subsequent compression. 


same crystal plus four traces on crystal Y. From 
Laue patterns of both crystals containing diffraction 
spots from parent and twinned portions, the two 
lattices were found to be mirror images in a plane 
whose pole corresponded to a <512> direction (see 
Fig. 7c); by definition, the latter is also the twinning 
direction. 

The K, plane, the magnitude of shear, and the 
shear direction were determined by goniometric 
measurements. The angles between the normals to 
the parent surfaces and the twin surfaces for traces 
c-d and e-f crystal E were measured on a bench 
microscope by a rotation about an axis parallel to 


Fig. 10—Progressive growth of 
{172} twins in crystal J is illus- 
trated in a, b, and c at three 
stages of compression. Polarized 
light. X30. Area reduced ap- 
proximately 10 pct for reproduc- 
tion. 


a—First compression, crystal J. 
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the respective twin trace. The data were analyzed 
according to the stereographic method described by 
Greninger and Troiano,” and the results indicated 
shear directions within 2.5° and 6° of <512>, thus 
corroborating the X-ray determination. The values 
of the angle 2¢ were 85°30’ and 82°30’. The sense 
of shear agreed with that which would result from 
a twin system of n, = [512] and K, equal to (111). 
These results are in agreement with the geometrical 
considerations of twinning, namely, that on a stereo- 
graphic projection the great circle connecting the 
pole of the K, plane and the n, direction must con- 
tain the pole of the K, plane and that the indices of 
the K, plane must be rational and low, and its pole 
cannot be displaced from the n, direction by an 
angle greater than 20°, else the corresponding shear 
is impossibly great. The (111) pole indeed lies on 
such a circle and is displaced only 6° from the shear 
direction. The calculated 2¢ angle is 83°50’, in fair 
agreement with the experimental values. Thus, the 
complete identity of this twin system is: K, = irra- 
tional; 26 = 83°50’; and s = 0.216. 

The regions of operation of this twin system upon 
compression are depicted in Fig. 8c, along with the 
three compression directions that yielded this de- 
formation mechanism. Evidence for {176} twinning 
in crystal P was rather sparse; however, one of the 
traces observed could best be explained by this 
mechanism. 

{112}, {121}, {011} Twinning and {110} Slip: In 
addition to some of the experimentally observed 
deformation elements discussed previously, Cahn’ 
has reported traces which he ascribed to {112} and 
{121} twinning and {110} slip; the latter he regarded 
as a minor slip system. Also, the identification of 
the {121} twins he regarded as indefinite, since it 
was based on only three traces analyzed by the 
pole-locus method; two of these were actually more 
compatible with a {110} plane. 

In view of the uncertainty of the foregoing de- 
formation mechanisms, several crystals were com- 
pressed in directions chosen so as to provide the 
most favorably oriented position for their opera- 
tion. For slip, the choice was relatively simple; it 
is the direction inclined 45° to the slip plane and 
slip direction. The choice for a given twin system, 
however, is not as simple; geometrical considera- 
tions of twinning define the area of crystallographic 


b—Second compression, crystal J. c—Third compression, crystal J. 
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directions of compression which would permit de- 
formation on a given twin system to occur. The 
manner of choosing the most favorably oriented 
direction within this area, however, is rather un- 
certain; the problem is even more complicated when 
several twin systems are present and their areas 
of operation overlap each other, as is the case in 
uranium. Lacking a better criterion, it was postu- 
lated that the most suitably oriented direction might 
be that which would result in maximum contraction 
of the crystal. 

In line with the foregoing, crystals I and N were 
oriented to test for {110} slip. Neither of these 
crystals exhibited deformation by this mechanism; 
crystal N deformed exclusively by (010) slip, and 
crystal I gave evidence of initial deformation by the 
same process followed by {130} twinning. From 
these results, it may be concluded that slip on the 
{110} is not operative at room temperature under 
compression. 

Crystals J and K, which were oriented critically 
for {112} and {121} twinning, respectively, showed 
no evidences of twinning on these systems. The 
orientation of crystal J for the {112} twinning was 
the same as that necessary to result in maximum 
contraction of the crystal upon formation of {172} 
twins, since they are reciprocal to each other. The 
crystal deformed initially by (010) slip, followed 
by twinning on one of the {172} planes, and later 
by twinning on one of the {130} planes. Crystal K, 
oriented for {121} twinning, deformed initially by 
(010) slip and was followed by kinking. These 
results indicate that neither {112} nor {121} twin- 
ning can be regarded as operative in room tempera- 
ture compression. 

Frank,” from a theoretical analogy of the ura- 
nium lattice to that of zinc, postulated twinning on 
the {011} composition plane. This twinning system 
was not observed in any of the crystals studied; the 
traces that did correspond to the foregoing indices 
were identified as slip. 

Notwithstanding the direct experimental efforts 
to obtain these questionable deformation systems, 
it should be pointed out that in several crystals a 
relatively small number of short traces were noted, 


either before or after compression, to which {112} 
or {121} indices could be assigned by the pole-locus 
method. The results suggested that the {112} traces 
are probably formed during cooling from the coars- 
ening temperature, since they were generally present 
prior to compression. It may well be that the de- 
formation mechanisms reported by Cahn’ but not 
observed in the present study, are, indeed, operative 
at higher temperatures and under conditions of 
intergranular complex stresses present in poly- 
crystalline materials. This view would be consistent 
with similar behavior in other metals,* where dif- 
ferent slip mechanisms have been found to prevail 
at different temperatures. Similarly, Boas and 
Ogilvie” have identified slip systems in polycrystal- 
line high purity aluminum and a brass which had 
not been observed in single crystals. In addition to 
the effects of temperature and stress complexity, 
such factors as differences in chemical purity and 
the effects of straining rates on twinning deforma- 
tion*™” should also be considered. 

Compression at 600°C—A single elevated tem- 
perature compressive test was performed on a 
crystal oriented so that its direction of compression 
was within 1° of the [010] direction. This test was 
performed to ascertain if {130} twinning was still 
operative at elevated temperatures, with no inten- 
tion of investigating fully the effects of tempera- 
ture on the choice of deformation mechanisms. The 
test was performed in a bell-jar container, filled 
with purified argon gas and equipped with a fixture 
which provided for axial loading of the crystal. The 
crystal was heated by a small platinum-wound fur- 
nace and the temperature measured with a chromel- 
alumel thermocouple. The compressive loading was 
applied after the specimen had reached the required 
temperature so as to allow its free expansion during 
heating. As the load was applied, several audible 
clicks occurred, and the resulting deformation traces 
were identified by two-surface analysis to be {130} 
twins. The twins were large and their bounding 
edges were somewhat irregular but, in general, they 
were lenticular in shape; at higher magnifications 
areas of entrapped untwinned material left within 
the twin bands could be noted. Even though this 


Fig. 11—Composite micrograph shows 
matching of {176} twin traces, in faces A 
and B, across the common edge on crystal 
F. Polarized light. X40. Area reduced ap- 
proximately 20 pct for reproduction. 
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crystal was compressed at 600°C, the Laue spots 
obtained after cooling to room temperature indi- 
cated the same type of asterism, that is, rotation 
about the [001] axis, as that found for crystals com- 
pressed at room temperature in a similar direction. 


Discussion 

The deformation mechanisms that have been iden- 
tified as-operative in the various crystals are sum- 
marized in Table II. Only those twinning systems 
are included which were unmistakably identified 
by two-surface analyses and/or Laue twin orien- 
tation relationship determinations. Similarly, the 
slip deformation mechanisms indicated are only 
those that resulted in microscopically visible traces. 
The major and most frequently occurring deforma- 
tion mechanisms were: (010) slip, {130} twinning, 
and {172} twinning. Under special cases of stress 
application, deformation by kinking, cross-slip, 
{176} twinning, and {011} slip were noted. Their 
general areas of operation are indicated on a quad- 
rant (001) standard projection in Fig. 3; the bound- 
aries should not be considered exact but rather as 
outlines which include the crystals deformed by the 
various deformation mechanisms. 


Table II. Operative Deformation Mechanisms 


Operative Slip and 
Associated Deformation 


Operative Twin Systems* Mechanisms} 


Crys- Cross- Kink- 
tal {130} {172} {176} (010) Slip ing {O11} 
B — x — 
1 xX — x 
I 2 — x 
J 1 1 x — 
K — x x 
M = x x = 
N — x = 
Oo — — x x 
R — xX x 
s 2 xe = = 
= x x x 
U 2 2 = = 
1 1 x == 
Ww x = = 
— 2 x x — 


* The number refers to the number of operative twin planes. 
+ X indicates that deformation of the indicated type was observed 
microscopically. 


The present work has verified the existence of 
{130} and {172} twins and (010)-[100] slip, which 
were reported by Cahn,* and has determined the 
conditions of preferential operation of these systems 
in single crystals under compression at room tem- 
perature. {130} twinning was also found to be 
operative at higher temperatures. Kinking and cross- 
slip were found operative under certain conditions, 
with the latter being a cooperative deformation of 
the (010) and (001) planes. {112} and {121} twins 
and {110} slip which were reported by Cahn were 
not found .to be operative in single crystals under 
compression at room temperature. The discrepancy 
may lie in the fact that in Cahn’s work the defor- 
mation traces were obtained at varying tempera- 
tures and under conditions of complex stresses. 

Deformation by irrational {176} twinning and by 
{011} slip had not been observed by Cahn. These 
deformations were found to be operative under 
limited conditions of stress application, particularly 
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in the vicinity of the [001] direction and nearly 
parallel to the (010) plane, when deformation by 
the more prevalent mechanisms was effectively ex- 
cluded. There is one inconsistency in the experi- 
mental results with regard to these deformation 
mechanisms: crystal Q, which was compressed in a 
direction suitable for their operation, nevertheless 
did not contain either {176} or {011} traces; it de- 
formed extensively by (010)-(001) cross-slip. The 
reason for the inconsistency is not clear. In view of 
the restricted conditions of operation of these ele- 
ments, it is not surprising that Cahn did not find 
them in his studies; on the other hand, the six traces 
which Cahn did observe and could not identify, but 
preferred to believe that they were extraneous sur- 
face markings, might well have been traces belong- 
ing to these deformation mechanisms. 

From a consideration of the relative prevalence 
and ease of twin formation in compression direc- 
tions permitting two or more twin planes to operate, 
some indirect evidence may be cited supporting the 
view of Bell and Cahn” that the twinning process 
is subject to a critical shear-stress law. These authors 
suggest that it is reasonable to expect a critical 
shear-stress law to apply to the spread of a twin 
across a crystal after a nucleus has formed. Some 
experimental observations in the present study would 
seem to substantiate this view. For example, crys- 
tals oriented for compression in directions near an 
element of twofold symmetry but slightly displaced 
from it (such as crystals P, U, A, S, and L), always 
resulted in the initiation of twinning on the plane 
of a given family which had the higher shear-stress 
resolved into the twinning plane and the twinning 
direction, only to be followed later by twinning on 
some other plane of the same family. A similar 
observation, with regard to the choice between two 
different systems, may be made for crystal J: both 
{130} and {172} twins were observed in this crystal, 
but the {130} twinning did not occur until after 
considerable deformation by {172} twinning had 
taken place. Apparently, even though {130} twins 
generally formed more readily, the crystal was so 
oriented that its direction of compression from a 
critical shear-stress viewpoint was more favorably 
oriented for initial deformation by {172} twinning. 

Cahn* and Frank” made two generalizations, with 
regard to twinning, to which they attached special 
significance: the rationality, or near rationality, of 
the plane of shear and the fact that the observed 
composition plane is always the one of the higher 
indices in the case of reciprocal twins. In uranium 
it is the {130} and {172} twin planes which are 
operative rather than their respective reciprocals, 
the {110} and {112}. The same was found to be true 
for the {176} twin system; in no case were there 
traces found of its reciprocal, the {111}. The nearest 
plane of relatively low indices to the plane of shear 
for the {176} system is the {121} inclined 5°57’ to 
it, and the nearest direction is the <211> inclined 
at an angle of 6°28’. The deviations from rationality 
are substantial and suggest doubt as to the signifi- 
cance of this generalization. For this reason, no 
attempts were made to speculate as to the atom 
movements in this twin system, since a projection 
on the plane of shear would necessitate the consid- 
eration of a large number of planes; and if an 
analysis were made by considering the shear plane 
to be the nearest plane of low indices, considerable 
error would be introduced, yielding results of ques- 
tionable value. 
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Deformation and Recrystallization Textures of Rolled 
Uranium Sheet 


by Melvin H. Mueller, Harold W. Knott, and Paul A. Beck 


The rolling and recrystallization textures in 300°C rolled uranium sheet were investigated using a 
Geiger counter diffractometer with the modified Schulz reflection technique. Seven sections of sheet 
material were used in order to obtain sufficient data for quantitative pole figures by the reflection 
technique. A special integrating specimen table was used for obtaining and recording the data auto- 


matically. The rolling texture was described in terms of severa 


| 


ideal orientations” in which the 


stronger orientations have either the (110) or (010) poles in the vicinity of the rolling direction. The 


recrystallization texture of the sheet uranium was also described by severa 


| 


ideal orientations” which 


are somewhat different, except in one case, than the as-rolled “ideal orientations.” 


Ree ee of an X-ray study of the deformation 
texture in rolled uranium rods were reported by 
Harris’ in which a concentration of (010) and (110) 
poles was found in the rolling direction. More re- 
cently Seymour,’ Mitchell and Rowland,* and Adam 
and Stephenson* reported results obtained on ura- 
nium sheet rolled under various conditions of tem- 
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perature and amount of reduction. Since the results 
of Seymour as opposed to those of the two other 
groups of investigators are not in full agreement, it 
seemed justifiable to publish the present data, ob- 
tained concurrently with the previously mentioned 
investigations.“* The results with rolled and re- 
crystallized uranium sheet were also included in 
the paper, since they appear to be more complete 
than the only previously published texture data on 
recrystallized sheet.* 

In the present investigation great care was taken 
to maintain complete separation of the reflections 
from different crystal planes, even in cases where 
the 20 angles differed from each other by less than 


TRANSACTIONS AIME 


| 
A | 
ANNEAL 
|HR.-550° C. 
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ANNEAL 
| HR.- 525° ©, 


Fig. 1—Uranium sheet used in the investigation was obtained from 
a casting of 3 in. sq section, according to this rolling schedule. 


a degree. A precaution important in determining 
recrystallization textures is integration, i.e., the 
scanning by the incident X-ray beam of a large 
number of crystals, so that representative sampling 
of the texture as a whole is achieved. The technique 
used in the present investigation’ was designed with 
this end in view. 

By using seven different sections through the 
sheet material and by assembling the data obtained 
with all into a single pole figure,’ it was possible to 
avoid specimen tilting angles larger than 30° and, 
thereby, to minimize the errors commonly arising 
from defocusing’ when the Schulz method is used at 
higher tilting angles. 

Experimental Method 

Specimen Preparation: The uranium sheet used 
for the present orientation study was obtained from 
a casting of 3 in. sq section, as shown in Fig. 1. As 
indicated, the 1x1.6 in. strip was given an 87 pct 
reduction at 300°C to produce an 1x1} in. strip. 
During the rolling operation, the leading end was 
reversed for each pass. A part of this material, desig- 
nated A, was used for the determination of the “as- 
rolled” texture and another part, designated B, was 
annealed 1 hr at 525°C and then used for the deter- 
mination of the recrystallized texture. 

The preferred orientation in this sheet material 
was investigated using the Schulz reflection method 
with the automatic instrument previously de- 
scribed.* * By using seven well chosen sections cut in 
different directions through the sheet, the quadrant 
of the pole figure can be adequately covered, with 
sufficient overlapping of the data from the various 
sections to afford a good check on the accuracy. Six 
of these sections consisted of a number of pieces 
similarly cut and held together by means of a jig. 
Since the reflecting surface on the seventh section 
was parallel to the rolled surface, it was prepared 
from a single piece of the sheet. 

Plotting of Data: The intensity data for the con- 
struction of various pole figures were obtained with 
the automatic instrument previously described.*® The 
uncorrected intensity for each ¢ and a position was 
plotted according to the sequence shown for section 
7, Fig. 5 of ref. 6. A similar plot was prepared for 
each section and each reflection. A second plotting 
was then made on a master net which contained all 
data for a certain reflection from each of the seven 
sections. The corrected intensity, used for the final 
plot on the pole figure, was obtained by first sub- 
tracting background from the observed intensity and 
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then multiplying each background corrected inten- 
sity by the correction factor appropriate for the tilt- 
ing angle ¢ in question, as shown in Table I. Contour 
lines of the pole figure were then drawn on a trans- 
parent sheet placed over the net in which a total of 
745 intensity values were plotted. It has been as- 
sumed that each of the four quadrants of a pole 
figure of this material would be practically identical 
because of the symmetry produced in reverse rolling 
and the elimination by etching of the surface layers 
of the sheet. 


Table |. Factors Used to Correct for the Decrease in Intensity 
as a Function of @ 


d Angle Correction Factor 

0 1.00 

5 1.01 
10 1.02 
15 1.05 
20 1.10 
25 1.15 
30 1.25 


The correction factors given in Table I were de- 
termined by measuring the drop off in intensity with 
increasing ¢ angle of a strong reflection from a ran- 
dom sample of PbS powder. One of the factors 
which has an effect on the magnitude of this correc- 
tion is the size of the slit system near the Geiger- 
Muller tube.’ Since it was necessary to use a rather 
narrow receiving slit in order to maintain the re- 
quired resolution for certain uranium reflections, 
the correction required at the higher ¢ angles was 
considerable. 

Experimental Results 

Rolling Texture: The quantitative pole figures, 
with intensity contours, for the 300°C rolled sheet 
described previously, are reproduced in Fig. 2. It is 
evident from the (010) and (110) pole figures that 
there is considerable concentration of these two poles 
parallel to the rolling direction. However, in addi- 
tion there is a considerable spread of these poles 
away from the rolling direction, which is especially 
evident in the (110) pole figure. There is a sharp 
concentration of (001) poles tilted 30° to 35° from 
the rolling plane normal toward the transverse 
direction and another (001) pole concentration tilted 
15° to 20° from the rolling plane toward the rolling 
direction. 

A separate symbol has been used in each pole 
figure to mark “ideal orientations” corresponding to 
maxima or high pole concentrations. These symbols, 
without the contour lines, have been transferred to 
the pole figures shown in Fig. 3 in order to show the 
compatibility of several “ideal orientations” with 
the high intensity areas which appear in the (010), 
(110), (001), and (100) pole figures. 

The lines which form the quadrangles shown in 
Fig. 3 connect one maximum intensity area or one 
high intensity area from each of the pole figures 
mentioned previously. The four symbols which form 
the corners of these quadrangles have the correct 
angular relationship appropriate to the correspond- 
ing poles, namely, 90° between the (001) and the 
(010); (110) or (100); 90° between the (010) and 
(100), and 64° between the (010) and (110). The 
ideal orientation represented by quadrangle I is de- 
fined by definite intensity maxima in the (110), 
(001), and (100) pole figures; the ideal orientation 
corresponding to quadrangle II is defined by a defi- 
nite intensity maximum in all four pole figures. It 
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Fig. 2—Quantitative pole figures, with intensity contours, are 
given for uranium sheet rolled at 300°C to an 87 pct reduction. 


represents a texture component probably more in- 
tense than that given by I. On the other hand, quad- 
rangles III and IV are derived from a maximum in 
the (001) and a high intensity area of each of the 
other three pole figures. The ideal orientations III 
and IV are, accordingly, much less sharply defined 
than I and II, and they may be considered merely as 
representatives of an important orientation spread 
for which the (001) poles are concentrated near the 
maximum between the rolling plane normal and the 
rolling direction. Each ideal orientation shown in 
Fig. 3 is described under each pole figure in terms of 
1—plane parallel to the rolling plane, 2—direction 
parallel to rolling direction, and 3—plane perpen- 
dicular to the rolling direction. 

In addition to the pole intensity which may be 
accounted for by ideal orientations as shown in Fig. 
3 and Table II, there is a considerable spread of the 
pole intensity around the highest intensity locations 
on the various pole figures which may be accounted 
for by orientations intermediate between the fore- 
going ideal orientations. These intermediate orienta- 
tions may be generated, for instance, as follows: 
quadrangle I may be rotated 64° about the (001) to 
coincide with II, II may be gradually moved into III 
with all four poles shifting, and III may be rotated 
26° about the (001) to coincide with IV. Orienta- 
tion II is apparently more intense than I, IV, or III. 
The latter three seem to be of approximately equal 
intensity. 

Recrystallization Texture: The pole figures for the 
300°C rolled uranium sheet after recrystallization at 
525°C are shown in Fig. 4. The (010) pole figure is 
very similar to that obtained for the as-rolled sheet; 
however, the distribution of the (110) and (100) 
pole intensity has changed considerably from the as- 
rolled material. The (001) pole figure shows a maxi- 
mum pole concentration approximately 35° on each 
side of center toward the transverse direction, 
which is similar to the pole figure obtained before 
recrystallization. Although there are high intensity 
areas also 15° to 20° from the center of the (001) 
pole figure toward the rolling direction, the max- 
ima observed in these locations, in the as-rolled 
sheet, disappear upon recrystallization. 
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Fig. 3—Pole figures show the “ideal orientations” used to ex- 
plain the relationship between the intensities found on the 
(010), (110), (001), and (100) pole figures of the as-rolled 
sheet. 


In Fig. 4 symbols, similar to those used in Fig. 2, 
are used to designate high intensity areas in each 
pole figure. In Fig. 5 several different quadrangles 
are formed by connecting a symbol from each of the 
four pole figures. These quadrangles are used to 
represent ideal orientations which, as in the rolled 
condition, are described in terms of 1—plane paral- 
lel to the rolling plane, 2—direction parallel to roll- 
ing, and 3—plane perpendicular to rolling direction. 

The location of quadrangle II is identical with 
quadrangle II shown for the as-rolled sheet. In the 
case of the recrystallization texture, this orienta- 
tion is defined by definite intensity maxima in the 
(010) and (001) pole figures, with corresponding 
high intensity areas in the other two pole figures. 
The orientation represented by quadrangle VI has a 
common (001) location with II and it is defined by 
maxima in the (001), (110), and (100) pole figures 
and high intensity areas in the (010). The set of 
maximum intensity areas defining the orientation V 
are different from II and VI, except the (010) max- 
imum which is common with II. Orientation V is 
reminiscent of the ‘‘cube’”’ texture in face-centered- 
cubic metals. The location of the high intensity areas 
in pole figures which roughly define orientation VII 
are all different from those previously mentioned. 
The symbols used for this orientation, which prob- 
ably represents only an important orientation 
spread, are formed from dashed lines. The strongest 
recrystallization texture component is VI, followed 
by II and V. 

The preferred orientation in the recrystallized 
uranium sheet may be quite satisfactorily described 
by the four ideal orientations shown in Table III 
with considerable orientation spreads between 1— 
II and VI, 2—VII and II, and 3—II and V. The 
orientation spreads between the ideal orientations 
may be described in terms of a gradual movement or 
rotation of the various quadrangles. Thus, quad- 
rangle II may be rotated 26° about the (001) pole 


TRANSACTIONS AIME 


no 
\ I 
\ / 


Table Ill. “Ideal Orientations” for Uranium Sheet 300°C Rolled 


and Recrystallized at 525°C 


Table Il. “Ideal Orientations” for Uranium Sheet 300°C Rolled 
Plane Plane 
Parallel Direction Perpen- Multi- 
Ideal to Roll- Parallel dicular to plicity 
Orien- ing to Rolling Rolling in Pole 
tation Plane Direction Direction Figures 
I (4,17,26) Near [410] (110) 4 
near (146) 
II 0,25) [010] (010) 2 
near (103) 
ll (4, 14, 45) _ Near [552] (4, 17, 5) 4 
near (139) near (141) 
IV Near (038) Near [031] Near (041) 2 


to generate the spread connecting orientations II 
and VI. The spread between orientations VII and II 
may be similarly generated by a rotation and that 
between orientations II and V may be generated by 
a rotation around the (010) pole. 

From a comparison of the intensities in various 
locations on the pole figures, it would seem that the 
relative amounts of the various ideal orientations in 
recrystallized sheet may be roughly expressed as 


VI>IIl=VII> V. 


Discussion of Results 

Rolling Texture: A comparison of the results re- 
ported for the as-rolled sheet in the present investi- 
gation with results recently reported by others is 
shown in Table IV. Although in some cases the ideal 
orientations for texture components reported by 
others do not coincide exactly with those reported 
here, the deviations are not very large and it is 
probable that essentially the same components are 
involved. Component II, or what is essentially 
equivalent to it, has been found in sheet uranium 
rolled under varying conditions in all three previous 
investigations.”* Component I was previously found 
in two of the three investigations” * and it was re- 
ported* to increase in intensity with increasing roll- 
ing temperature. Seymour’ did not find this com- 
ponent in room temperature rolled uranium sheet. 
On the other hand, Mitchell and Rowland’ did not 
find component IV in sheet rolled at either high or 
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Fig. 4—Pole figures for 300°C rolled uranium sheet (see Fig. 
2) are shown after recrystallization at 525°C. 
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Plane Plane 
Parallel Direction Perpen- Multi- 
“Ideal te Roll- Parallel dicular to plicity 
Orien- ing to Rolling Rolling in Pole 
tation” Plane Direction Direction Figures 
Il (9, 0, 25) [010] (010) 2 
near (103) 

Vv (100) [010] (010) 2 
vi (7, 7, 19) [110] (3, 13, 0) 4 
near (113) ty near (140) 

VII (27-2, 25) Near [411] Near (553) 
near (116) 


low temperature, and Adam and Stephenson’ did not 
find it in sheet rolled at 300° to 400°C or at 500° to 
600°C, while Seymour’ reported its presence in room 
temperature rolled sheet. Since in the present in- 
vestigations this component, together with com- 
ponent III, accounts for a clearly defined intensity 
maximum in the (001) pole figure and for high 
intensity areas in the other pole figures for the 
300°C rolled sheet, the deviating results of two of 
the preceding investigations” * cannot be ascribed to 
differences in the rolling temperature. Although ad- 
mittedly it is probably best to consider ‘‘compo- 
nents” III and IV chiefly as representatives of an 
intense orientation spread hinging around the (001) 
intensity maximum 17° away from the rolling plane 
normal, rather than as well defined ideal orienta- 
tions, the absence of a corresponding (001) maxi- 
mum in the pole figures of the English and Canadian 
workers certainly represents a clear-cut and unex- 
plained difference in experimental results. 

On the basis of their theory of deformation tex- 
tures, Calnan and Clews’ predicted rolling textures 
for uranium sheet in which the rolling plane normal 
ranges approximately between (101) and (170) and 
the rolling direction between the normals of (010) 
and (110), depending on the relative importance in 
the deformation process of (130) and (172) twinning 
and of (010) slip. In comparing these predictions 
with the experimental results,** it appears that 
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Fig. 5—Pole figures show the “ideal orientations” used to ex- 
plain the relationship between the intensities found on the 
(010), (110), (001), and (100) pole figures of the recrystal- 
lized sheet. 
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component II, which has been found at all rolling 
temperatures, corresponds well to the prediction of 
Calnan and Clews for the case of deformation by 
twinning alone, or that of twinning with a small 
amount of slip. On the other hand, for the case of 
twinning with a large amount of slip, the prediction 
calls for an ideal orientation with approximately 
(170) in the rolling plane and (110) perpendicular 
to the rolling direction. Component I, which in- 
creases in intensity with increasing rolling tempera- 
ture and which, therefore, might be thought of as 
connected with a relatively larger amount of slip, 
does, however, not even approximately correspond 
to (170) in the rolling plane. It corresponds, in- 
stead, to (146) in the rolling plane [58° away from 
(170) J, in disagreement with the theoretical predic- 
tions based on the Calnan and Clews theory and 
known deformation mechanisms. Also, the theory 
does not account for the important orientation 
spread represented by III and IV. 

In Table IV, the recrystallization texture com- 
ponents observed in the present investigation are 
compared with those reported by Mitchell and Row- 
land.* According to the latter workers, the single 
component (II) texture obtained by rolling at low 
temperature is retained on recrystallization. The 
Canadian workers reported that the high tempera- 
ture rolled sheet, which showed a duplex texture 
(I and II) after rolling, developed essentially a 
single texture component upon recrystallization. 
In this recrystallization texture, (151) is approxi- 
mately perpendicular to the rolling direction. Al- 
though this orientation is not exactly equivalent to 
component VI, as described in the present paper, it is 
reasonably close to it; for instance, the (140) pole 
which lies near the rolling direction for component 
VI is only 13° away from (151). Orientation V, 
which in the present investigation corresponds to a 
rather sharply defined component, was apparently 
not detected by Mitchell and Rowland in any of 
their specimens. That they did not report orienta- 
tion VII is less significant, since this orientation 
merely represents an important spread in the re- 
crystallization texture, and it does not correspond 
to a well defined maximum in any pole figure. 

It is impossible at the present time to interpret 
the mechanism by which the recrystallization tex- 
ture forms from the rolling texture. As mentioned, 
only one of the ideal orientations used to describe 


(OOl) ROTATION 
I I TY Recrystallized VY 


(010) ROTATION 
Fig. 6—Schematic drawing illustrates possible rotations of the as- 
roiled “ideal orientations” which may produce the recrystallized 
“ideal orientations.” 


the rolling texture is retained on recrystallization. 
Various rotations about the (001) and (010) poles 
may be used to describe the relationship between the 
components of the recrystallization texture and the 
rolling texture as shown in Fig. 6. The significance, 
if any, of these rotations in terms of a mechanism is 
not clear. The present paper is confined to the de- 
scription of observed facts. 
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Table IV. Comparison of Results of Various Investigators 


Components in 300°C 


Components Reported by Various Investigators, Under Conditions as Stated 


Rolled Sheet, 


Present Investigation Seymour? Mitchell and Rowland’ Adam and Stephenson‘ 

I at High temperature rolled to 60 1—500° to 600°C rolling to ap- 

pet reduction prox. 60 pct reduction 
2—Greater intensity in material 
rolled to 80 pct reduction 
at 500° to 650°C than at 

’ 350° to 400°C 

Il Room temperature rolled to 91 1—High temperature rolled to 1—Greater intensity in material 


pet reduction 


iV Room temperature rolled to 91 
Components in Sheet pet reduction 
Recrystallized at 525°C, 
Present Investigation 
II 


vil = 


60 pct reduction rolled to 60 pct reduction 
at 300° to 400°C than at 
500° to 600°C 

2—Greater intensity in material 
rolled to 80 pct reduction 
at 350° to 400°C than 500° 
to. 650°C 


2—Low temperature rolled to 
60 pet reduction 


Low temperature rolled and re- — 
crystallized 


High temperature rolled and = 
recrystallized 


1218—JOURNAL OF METALS, NOVEMBER 1955 


TRANSACTIONS AIME 


V — — = 


Uranium-Chromium System 


by A. H. Daane and A. S. Wilson 


The U-Cr system is of the simple eutectic type with some solid solubility of chro- 
mium in y and £ uranium. The eutectic occurs at 20 atomic pct Cr and melts at 
859°C. The maximum solubility of chromium in y uranium is 4 atomic pct at the 
eutectic temperature, and in 8 uranium the solubility is estimated to be 1 atomic pct. 
y-8 and £-a transformations were found to occur at 737° and 612°C, respectively. 


URING 1944 and 1945, the U-Cr constitution 

diagram was studied in this laboratory as a part 
of a research program on uranium metallurgy in the 
Manhattan Project, and the work was described in a 
Manhattan Project report issued in December 1945. 
This paper is based on that report, which has been 
declassified. Prior to this study, it had been shown 
by other Manhattan Project workers that the low 
Cr-U alloys could be quenched to retain the 8 form 
of uranium. 

Experimental 

The uranium used in this work was massive metal 
prepared in this laboratory and contained less than 
0.1 pet of other elements. The chromium was 200 
mesh powder obtained from the A. D. McKay Co. 
and was found on analysis to be 99.5 pct Cr with 
0.3 pct Fe the major impurity. 

Alloys, weighing 400 to 600 g, were prepared by 
induction heating the components to 1700°C in slip- 
east ZrO, crucibles in a vacuum of 3x10° mm Hg. To 
prevent too violent agitation of the melt by the in- 
duction field with subsequent crucible breakage and 
sample loss, the ZrO, crucible was placed in a graph- 
ite crucible, which was surrounded by a layer of 
powdered carbon insulation 2 to 3 cm thick. Polished 
vertical sections of the alloys were examined micro- 
scopically to confirm their homogeneity. 

Heating and cooling curves were taken on the 
alloys by reheating them in ZrO, crucibles to 1200°C 
and inserting a mullite-protected chromel-alumel 
thermocouple into the melt by means of a slip seal 
in the vacuum head of the furnace. A recording 
potentiometer traced the curves which had a slope 
of from 3° to 6° per min. 

Samples of the alloys were prepared for metallo- 
graphic examination by conventional mechanical 
polishing techniques followed by an electrolytic pol- 
ish in an ethylene glycol-phosphoric acid-ethy] alco- 
hol bath. The structure of the alloys was brought 
out clearly by this procedure so that no further etch- 
ing was required. 

Samples for chemical analysis were taken from 
drillings from the top, center, and bottom sections of 
the alloys. The uranium was determined by titra- 
tion with Ce(SO,)., while the chromium was titrated 
with FeSO,; the uranium and chromium totaled at 
least 99.6 pct in all of the alloys prepared. 
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Engineering Dept., Hanford Works, Richland, Wash. 

Discussion of this paper, TP 4065E, may be sent, 2 copies, to 
AIME by Jan. 1, 1956. Manuscript, Feb. 18, 1955. 
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Fig. 1—Data obtained in the study of the U-Cr system was com- 


bined to construct the constitution diagram. The arrests observed 
in cooling curves are indicated by dots. 


X-ray samples were prepared by filing bulk speci- 
mens in a helium-filled glove box and annealing the 
resulting powder in a zirconium-gettered helium at- 
mosphere. A 114.6 mm diam Debye-Scherrer cam- 
era and a Weyland nonsymmetrical self-focusing 
camera were used with filtered copper radiation to 
obtain the powder X-ray diffraction data. 


Results 

The data obtained in this study have been com- 
bined to construct the constitution diagram of the 
U-Cr system shown in Fig. 1 where the arrests ob- 
served in cooling curves are indicated by dots. The 
liquidus arrest was quite distinct in thermal data 
taken on alloys in the range 0 to 20 atomic pct Cr. 
The eutectic arrest was not observed in studies on 
the 2.5 and 4.5 pect Cr samples but appeared in the 
7.5 pet samples, which suggested some solubility of 
chromium in y uranium. On quenching from 859°C, 
the 2.5 pct sample showed but one phase while the 
4.5 pet sample contained a small amount of the 
eutectic along the grain boundaries; see Figs. 2 and 
3. From this the maximum solubility of chromium 
in y uranium has been set at 4 pct. X-ray studies on 
these samples showed that the y phase was not re- 
tained at room temperature by quenching, but in 
each case a pattern was observed which has been 
identified with the 6 phase of uranium. Thermal 
data show the y-8 transformation of uranium low- 
ered to 737°C as a consequence of this solubility. On 
quenching from the 8 range (660°C), precipitation 
of chromium in the primary uranium is observed in 
the 2.5 and 4.5 pct Cr samples (see Figs. 4 and 5), 
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Fig. 2—2.5 atomic pct Cr alloy 
was quenched from 859°C. 
X250. Area reduced approxi- 
mately 35 pct for reproduction. 


Fig. 3—4.5 atomic pct Cr alloy 
was quenched from 859°C. 
X250. Area reduced approxi- 
mately 35 pct for reproduction. 


Fig. 6—2.5 atomic pct Cr alloy 
was quenched from 500°C. 
X250. Area reduced approxi- 
mately 35 pct for reproduction. 


Fig. 7—4.5 atomic pct Cr alloy 


was quenched from 500°C. 
X250. Area reduced approxi- 
mately 35 pct for reproduction. 


Fig. 10—37.7 atomic pct Cr alloy 
was furnace-cooled. X250. Area 
reduced approximately 35 pct for 
reproduction. 


although the small amount of chromium remaining 
in solution, estimated to be 1 pct at 660°C, preserves 
the @ form of uranium and lowers the 6-a transfor- 
mation to 612°C. The increased amount of precipi- 
tated chromium in these samples on quenching from 
the high a range suggests that little chromium is 
soluble in a uranium; see Figs. 6 and 7. 

The eutectic composition and temperature were 
established from thermal data and microstructures 
of 19.9 and 22.2 atomic pct Cr samples; see Figs. 8 
and 9. The eutectic arrest was observed in the ther- 
mal data of all of the alloys except the 2.5 and 4.5 
pet Cr samples. It is interesting to note that on slow 
cooling or annealing the typical eutectic structure is 
quite easily destroyed. In Fig. 5 the clear areas are 
eutectic uranium with the eutectic chromium ag- 
glomerated in the center. This is shown again in 
Fig. 10 where the large clear areas are the primary 
chromium with eutectic chromium collected into 
smaller areas in the uranium matrix. This same ag- 
glomeration of the eutectic components has been 
observed in the U-Th system. 

The chromium liquidus was not observed in any 
of the thermal data taken on chromium-rich alloys 
and no evidence for a melting point or transforma- 
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Fig. 4—2.5 atomic pct Cr alloy 


was quenched from 660°C. was quenched from 660°C. 
X250. Area reduced approxi- X250. Area reduced approxi- 
mately 35 pct for reproduction. mately 35 pct for reproduction. 


@ 
Fig. 9—22.2 atomic pct Cr alloy 
was furnace-cooled. X250. Area 
reduced approximately 35 pct for 
reproduction. 


Fig. 8—19.9 atomic pct Cr alloy 
was furnace-cooled. X250. Area 
reduced approximately 35 pct 
for reproduction. 


Fig. 11—80 atomic pct Cr alloy 
was furnace-cooled. X250. Area 
reduced approximately 35 pct for 
reproduction. 


tion arrest was found in thermal data taken on a 
sample of pure chromium heated to 1750°C. X-ray 
analyses on furnace-cooled 19.9, 50, and 60 atomic 
pet Cr samples show a uranium and chromium to be 
present, with the lattice spacing for the chromium 
being 2.878+0.02A. This is the reported lattice spac- 
ing of chromium within the limits of error of the 
determination and suggests no solubility of uranium 
in chromium at room temperature; since the primary 
chromium in Fig. 11 shows no precipitation, it is 
assumed that there is little solubility at higher tem- 
peratures. 

Since the main interest of this study was in the 
uranium-rich alloys, no time was spent in investi- 
gating the melting point and possible solid modifica- 
tions of chromium. 
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Transformation Kinetics in Uranium-Chromium Alloys 


by D. W. White, Jr. 


The kinetics of isothermal transformation of £-to-a uranium have been studied 
over a broad temperature range in alloys containing from 0.3 to 4.0 atomic pct Cr. 
Two modes of transformation are indicated by the existence of two C-curves in the 
TTT diagram. The upper temperature mode is regarded as a nucleation and growth 
mechanism, whose rate is controlled by diffusion of chromium in the B phase matrix. 
The lower temperature mode is martensitic in nature. The M, temperature increases 
with decreasing chromium content, suggesting that the two transformation processes 


become synonymous in unalloyed uranium. 


Oe metal undergoes two allotropic trans- 
formations in the solid state. The a phase, 
orthorhombic in crystal structure,’ is stable from 
room temperature up to about 665°C. The £ phase, 
characterized by a. complex tetragonal structure,” 
prevails from 665° to about 770°C. The y phase is 
body-centered-cubic’® and is the stable modification 
from 770°C up to the melting point (about 1130°). 
In uranium of reasonable purity, neither of the two 
high temperature phases can be retained by quench- 
ing. However, the addition of certain alloying ele- 
ments to uranium makes it possible to retain either 
the y-uranium phase or the 6-uranium phase at room 
temperature. Chromium alloyed in small amounts 
with uranium will permit retention of the B-uranium 
phase in a metastable state at room temperature 
upon quenching from a £-phase temperature.” 
From available information’ on the equilibrium 
phase diagram for the U-Cr alloy system (Fig. 1), 
it is to be expected that, however sluggish in its 
rate, the 6 phase in such alloys should decompose 
eutectoidally to a phase and elemental chromium. 
It was the aim of this investigation to measure the 
rate and study the nature of this decomposition as 
a function of temperature and of chromium content. 
The investigation was reported in classified litera- 
ture about five years ago and has recently been de- 
classified for publication. In the meantime, there 
have appeared the papers of Holden,’ Mott and 
Haines,” * and Butcher and Rowe’ dealing with the 
metallography and the crystallography of the B-to-a 
transformation in U-Cr alloys. These investigators 
have confirmed several of the phenomenological 
observations that will be described in the present 
paper and have examined in considerable detail 
certain aspects of the transformation and its mech- 
anism. Although all of these investigations have 
concerned themselves experimentally with U-Cr 
alloys for the most part, an important consequence 
has been a clearer understanding of the nature of 
the B-to-a transformation in uranium metal itself. 


Experimental Procedure 
This investigation dealt with a series of uranium 
alloys varying in chromium content from 0.3 to 4.0 
atomic pct (0.066 to 0.90 weight pct). On five of 
the alloys, rates of isothermal transformation from 
the 6 to the a phase were measured over a wide 
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Fig. 1—Constitutional diagram is presented for the U-Cr system.* 


temperature range, leading to the development of 
TTT (time-temperature-transformation) diagrams. 
Transformation rates were measured over certain 
narrow temperature ranges on additional alloys. 

The alloys were prepared by vacuum melting and 
casting, using zircon or magnesia crucibles and 
graphite molds. Electrolytic chromium was used as 
the alloying addition, and the uranium was Mallin- 
ckrodt biscuit metal that had been vacuum remelted 
and cropped to remove many of the nonmetallic 
impurities that had floated to the top of the ingot. 
The ingots, 34 or 1 in. diam, were reduced in size 
by swaging. Alloys containing less than about 2 
atomic pct Cr were swaged at 250° to 275°C, with 
initial and intermediate anneals at 550°C after every 
75 pet reduction in area. Alloys with higher amounts 
of chromium were swaged at 550° to 600°C, al- 
though at the smaller sizes some of them were 
reduced by the procedure used on the more dilute 
alloys. Before use as test specimens, the swaged 
rods were annealed at 700° to 720°C for several 
hours, followed by slow furnace-cooling. The pur- 
pose of the anneal was to achieve the maximum 
amount of solution of the available chromium into 
the 6 phase, as well as to remove extensive preferred 
orientation. 

The isothermal transformation rates were meas- 
ured dilatometrically, using a quenching dilatometer 
and an experimental technique similar to those em- 
ployed by Davenport and Bain in their original 
work on the transformation kinetics of austenite in 
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a—Type 1 rate curve is char- 
acterized by a large radius of 
curvature near the beginning 
of transformation and a smaller 
radius near the end of trans- 


b—Type 2 rate curve is char- 
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radii of curyature near the be- 
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c—Type 3 rate curve shows the normal portion (type 2) followed 
by the linear portion, after which it flattens out when there is no 
further contraction. 


Fig. 2—Three types of isothermal rate curves were found for U-Cr 
alloys. 


ferrous alloys.® Since uranium undergoes a density 
increase of approximately 1 pct in transforming 
from the £ phase to the a phase, the corresponding 
linear contraction of about 0.3 pct for total trans- 
formation was a physical property convenient to 
measure in following the progress of transformation. 

The procedure consisted of heating the specimen, 
a rod 4 in. in length by % in. diam, in a bath main- 
tained at a B-phase temperature of 700° to 725°C 
for 5 min (longer times were found to be unneces- 
sary), then transferring quickly to the dilatometer 
in a bath maintained at some desired lower tem- 
perature and holding there until the specimen ap- 
peared to be fully transformed to « phase, 1.e., until 
it ceased contracting. Dial readings were taken at 
suitable time intervals to permit plotting a smooth 
continuous curve. In general, molten Sn-Pb eutectic 
was used for the heating baths at temperatures 
down to 183°C, the freezing point of the bath, while 
water was used for isothermal transformation at 
100°C and at room temperature. In a few cases salt 
baths, generally carbonates, were employed. A thin 
coating of silicone grease was applied to the surface 
of a specimen before each test to protect it against 
attack by the Sn-Pb solder. For any given alloy the 
same specimen was used over and over again for 
a large number of tests. It was observed that the 
specimen usually underwent a net increase in length 
of several hundredths of one percent with each test. 
After several runs had been made, a longitudinal 
void or crack tended to develop in the core of the 
specimen, starting at the ends, which simultaneously 
became mushroomed. The specimen was then usu- 
ally replaced with a fresh one. 

Metallographic methods were found to be rather 
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Fig. 3—TTT diagram for 0.3 atomic pct Cr-U alloy is shown. 


unsuitable for quantitative measurement of the 
transformation rates in U-Cr alloys for several rea- 
sons: Firstly, it was found that mechanical polish- 
ing itself causes the surface of a specimen to trans- 
form. Therefore, the investigator would have to 
resort to the rather inconvenient procedure of pre- 
paring the polished surface prior to heat treatment 
of a specimen and then electrolytically polishing to 
clean up the surface after heat treatment. Secondly, 
the a-uranium phase is not very easily distinguish- 
able from polycrystalline B-uranium phase except 
when present in small amounts. Thirdly, the rate 
of transformation in alloys having very low chro- 
mium content may be so rapid at room temperature 
that there is not enough time to prepare and examine 
the specimen before further transformation occurs. 


Results 

Isothermal transformation rate curves were ob- 
tained by plotting the series of dilatometer readings 
in each test against logarithm of time. By assuming 
that the ratio between the contraction at a given 
time and the total contraction equals the fraction 
transformed, the rate curves were more significantly 
plotted as percentage of 8 phase (percentage un- 
transformed) against logarithm of time. 

Three types of rate curves were found. For con- 
venience they are referred to as type 1, type 2, and 
type 3, and they.are illustrated in Figs. 2a, 2b, and 
2c, respectively. The times for beginning and end 
of transformation are designated respectively as ty; 
and ty. In a few cases transformation was not com- 
plete when the specimen ceased contracting, as will 
be discussed later; in such cases, t, refers to an 
apparent end rather than a true end of transforma- 
tion. Attempts were made to determine empirical 
relationships for the type 1 and type 2 curves; the 
resulting relationships are presented in a following 
section of the paper. 

TTT diagrams were obtained by plotting tempera- 
ture of isothermal transformation against log t; and 
against log tp. 

TTT Diagrams: Figs. 3 through 7 give the TTT 
diagrams for five U-Cr alloys. The crosses on these 
curves represent beginning of’ transformation, tz, 
while the open circles or squares represent the end 
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Fig. 4—TTT diagram for 0.45 atomic pct Cr-U alloy is shown. 


or apparent end of transformation, t,. (The distinc- 
tion between the circles and squares will be de- 
scribed later.) The TTT diagrams for the 1.8 and 
4.0 pct alloys are seen to be single C-shaped curves 
within the range of temperatures studied, while the 
diagrams for the 0.3, 0.45, and 0.6 pct alloys display 
double C’s. 

It was mentioned previously that the transforma- 
tion tests were performed by quenching directly to 
the temperature selected for isothermal transforma- 
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Fig. 5—TTT diagram for 0.6 atomic pct Cr-U alloy is shown. 
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tion. Actually, there was one exception to this pro- 
cedure: The transformation of the 0.3 pct alloy at 
100°C had to be performed by quenching in cold 
water and then reheating in boiling water. Ap- 
parently a quench directly into boiling water is not 
sufficiently drastic to prevent some transformation 
at the lower nose of the TTT curve. Similarly, this 
alloy could not be reheated to temperatures above 
the lower nose without transforming at the nose; 
and, therefore, direct quenching was the only pro- 
cedure that could be used at such temperatures. 
However, both procedures, i.e., direct quenching 
and cold water quenching and reheating, were tried 
on the 0.6 pct alloy at 100° and at 200°C and found 
to give equivalent results. 

Rate Curve Types and Their Relation to the TTT 
Diagrams: Different portions of the TTT diagrams 
are represented by each of the three types of rate 
curves. The primary purpose in fitting the type 1 
and type 2 curves to mathematical equations or 
graphs was to facilitate identifying them, since the 
difference between these two curves as plotted in 
Figs. 2a and 2b is not immediately apparent. Know- 
ing the distinction between them was helpful in 
deciding how to draw the TTT curves, especially in 
the region of transition between the two C’s. 

Type 1—Rate curves of type 1 were found for the 
transformations occurring in the upper C’s of the 
TTT diagrams for the 0.3, 0.45, and 0.6 pct alloys 
and in the entire single-C TTT diagram for each of 
the 1.8 and 4.0 pct alloys. Type 1 curves were also 
observed for transformations at temperatures well 
below the nose of the lower C. In the temperature 
range in which the transformation rate was so rapid 
that only the end or apparent end of transformation 
was detectable, it was not possible to tell whether 
a rate curve was of type 1 or of type 2. 

A type 1 rate curve as plotted in Fig. 2a is char- 
acterized by a large radius of curvature near the 
beginning of transformation and a smaller radius 
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near the end of transformation. It can be fitted by 
the exponential equation 


[1] 


where f(f8) refers to the fraction of 6 phase (frac- 
tion untransformed) at time t, and k and m are 
constants at the given temperature of isothermal 
transformation. Taking logarithms twice, this rela- 
tion becomes 


log In 1/f(8) = logk + m log t. [2] 


Therefore, when the quantity on the left side of 
Eq. 2 is plotted against log t, a straight line is ob- 
tained, as shown in Fig. 8. These relations (Eqs. 1 
and 2) allude to a similar expression by Johnson” 
for the rate of transformation of austenite to pearl- 
ite, based on the assumption that the rate of nuclea- 
tion is proportional to t™. 

The type 1 rate curve can also be plotted in a 
way that is used to represent the velocity of an 
autocatalytic reaction. If the percentage either of 
transformed a or of untransformed £ phase is plotted 
on an autocatalytic scale, or on a probability scale, 
against time on an arithmetic scale, a reasonably 
good straight line is obtained. Fig. 9 is such a plot. 

Type 2—Rate curves of type 2 were observed at 
the temperature of transition between the upper 
and lower C’s for each of the 0.3, 0.45, and 0.6 pct 
alloys and down to temperatures as low as 396°C. 
The type 2 rate curve as plotted in Fig. 2b is char- 
acterized by more or less equal radii of curvature 
near the beginning and end of transformation. When 
replotted in either of the two fashions described 
previously for replotting a type 1 rate curve, a type 
2 rate curve does not give a straight line. However, 
linearity is obtained when the percentage of 8 phase 
is plotted on a probability scale against logarithm 
of time, as demonstrated in Fig. 10. Austin and 
Rickett found empirically that this method of plot- 
ting also applies to the rate of isothermal trans- 
formation of austenite to bainite.” 

Type 3—As is seen in Fig. 2c, the first portion of 
a type 3 rate curve appears to be similar to type 2; 
but then, after a certain amount of transformation, 
it changes its course and proceeds linearly with log 
t until it finally flattens out when there is no further 
contraction. Type 3 rate curves vary in form, in 
that the type 2, or normal, portion may occupy a 
greater or lesser portion of the full curve and the 
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linear portion may become flatter or steeper, respec- 
tively. Such variations depend upon composition 
and upon the temperature of isothermal transforma- 
tion. There is no doubt that the linear portion is 
truly a part of the transformation rate curve be- 
cause X-ray diffraction examination has shown that 
transformation is incomplete at the end of the 
normal portion and continues to proceed in the 
linear region. 

Type 3 rate curves were most apparent in the 
0.6 pct alloy, somewhat less apparent in the 0.45 pct 
alloy, and noticeable only to a slight extent in the 
0.3 pct alloy. The highest temperature at which this 
type of curve was observed was 384°C. With de- 
creasing temperature, the normal portion became 
increasingly more prominent and the linear portion 
correspondingly flatter and less prominent. For 
example, in the 0.6 pct alloy the linear portion of 
the rate curve accounted for 50 pct of the total con- 
traction of the specimen during transformation at 
373°C but only 20 pct of the total contraction dur- 
ing transformation at 358°C. Type 3 rate curves 
were still somewhat distinguishable down to about 
325°C, but below this temperature the linear por- 
tion had such a small slope, if any, that it was de- 
batable whether to regard the curve as type 3. 

In the temperature range where type 3 rate curves 
or their semblance prevailed, the ends of the normal 
portions of the curves are denoted by open circles 
and the ends of the linear portions by open squares 
on the TTT diagrams. In several instances the test 
was stopped before the specimen had ceased con- 
tracting; in such cases, the last reading was plotted 
with an open square and an arrow pointing to the 
right. In the type 3 temperature range, the curves 
for apparent end of transformation are shown on 
the TTT diagrams as broken lines and correspond 
to at least 85 pet completion of total contraction. 


Observations and Discussion 

The existence of two C’s in the TTT diagrams for 
the lower chromium alloys and the difference in 
type of rate curves associated with each C indicate 
that there are two transformation modes, one at 
upper temperatures and another at lower tempera- 
tures. It is suggested that the upper temperature 
mechanism for the decomposition of the 8 phase in 
U-Cr alloys is one that is controlled by the rate of 
diffusion of chromium in f-uranium, while the 
lower temperature mechanisin is believed to be 
diffusionless. Competition between driving force and 
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Fig. 9—Type 1 rate curve is shown after the percentage of 
transformation was replotted on a probability scale against 
time. 
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atomic mobility determines the rate of transforma- 
tion in the upper C. As the temperature is lowered, 
a point is reached where the driving force, which 
is a function of the amount of undercooling, is suf- 
ficiently great to overcome the decreasing mobility 
of chromium atoms in the uranium lattice. The trans- 
formation can then proceed at the rapid rates char- 
acteristic of the lower C, except at very low tem- 
peratures, where the mobility of atoms even over 
very small distances may become sufficiently slug- 
gish to influence the rate of transformation. The 
observations supporting the belief that the lower C 
process is diffusionless will be pointed out later. 

The transformation product by either mechanism 
was shown by cursory X-ray diffraction examina- 
tion to be a uranium. More detailed X-ray measure- 
ments would have to be made to determine if there 
are differences in orientation relationships or minor 
structural differences. 

Upper C as a Diffusion-Controlled Transforma- 
tion: By plotting the natural logarithm of the time 
for 50 pct transformation (t,.;) against the reciprocal 
of the absolute temperature within the upper C for 
each of the five alloys, a straight line is obtained 
in the temperature range below about 530°C. Thus, 
in this range the following relation holds 


In t..,; = b/T + K’ [3] 
or 


[4] 


where b, K’, and K are constants and T is tempera- 
ture in °K. It may be speculated that above 530°C 
the driving force is changing rapidly with tempera- 
ture so that this change seriously influences the rate 
of transformation. However, below 530°C the driv- 
ing force changes relatively slowly with tempera- 
ture so that the change in rate can be associated 
primarily with a change in atomic mobility. Thus, 
in the temperature range below 530°C, it can be 
assumed that the constant b in Eq. 3 is approximately 
equal to Q@/R, where Q is an activation energy and 
R is the gas constant. From the slope of the plot 
below 530°C, the value for @ is computed to be 
about 34,000 cal per gram-atom. 

Referring to Eq. 1, the exponent m has a relatively 
constant value of about four below 530°C, implying 
from Johnson’s assumption” that nucleation rate is 
essentially independent of time in this temperature 
range. Above 530°C, m increases with temperature 
and at 580°C it has reached approximately five in 
value. The relative constancy of m below 530°C 
means that Eqs. 3 and 4 hold for t at any given 
amount of transformation and also that the rate 
curves for all temperatures in this range can be 
superimposed on a common curve by multiplying 
all time values in any one curve by a certain num- 
ber. The multiplying factor is related to tempera- 
ture as follows 


where t, and t, are the heating times at absolute 
temperatures T, and T, for a certain percentage of 
transformation. Thus, the value for Q of 34,000 cal 
per gram-atom is constant for all percentages of 
transformation as well as for all compositions be- 
tween 0.3 and 4.0 atomic pct Cr in the temperature 
range below 530°C in the upper C. To test the hypo- 
thesis that transformation in the upper C is indeed 
governed by the rate of diffusion of chromium in 
8 uranium, it would be of interest to make actual 
measurements of such diffusion rates at various 
temperatures and to compare the activation energy 
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obtained therefrom with the foregoing value for Q. 
Lower C as a Martensitic Transformation: Several 
observations suggest that the lower temperature 
mode of 6-to-a transformation in U-Cr alloys is 
martensitic. Although the transformation rate is 
much slower than that of most martensitic trans- 
formations, it is far too rapid to be controlled by 
the diffusion of the chromium at the prevailing 
temperatures; and therefore composition change 
does not appear to be involved. Another observa- 
tion often characteristic of martensitic behavior is 
that the transformation can be nucleated by applied 
stresses, as evidenced by the immediate reversion 
of a surface layer of retained 8 phase to a upon 
mechanical polishing. A third feature of the trans- 
formation is that it takes place athermally to a 
limited extent. Samples of the 0.3 and 0.6 pct alloys 
were quenched from about 715° to 300°C and held 
at the latter temperature until contraction had essen- 
tially ceased. They were then quenched into boiling 
water, wherein it was observed that further con- 
traction took place isothermally. The amount of this 
contraction in comparison with that which normally 
occurs by transformation entirely at 100°C was 6 
pet for the 0.3 pct alloy and 12 pct for the 0.6 pct 
alloy. The times for beginning and end of specimen 
contraction in the boiling water corresponded very 
closely with those that are observed when speci- 
mens are transformed entirely at 100°C. The evi- 
dence that transformation in the lower C is not 
actually complete when contraction ceases (at least 
at 300°C) led to the term apparent end of trans- 
formation, referred to earlier in the paper. 

Further evidence that the lower C represents a 
martensitic reaction is derived from the work of 
Holden’ and of Mott and Haines,°"’ who studied 
metallographically the progress of B-to-a trans- 
formation in U-Cr alloys at temperatures corres- 
ponding to the lower C. They observed that the a 
phase formed and grew as plates, creating surface 
upheavals, and that these plates seemed to prefer 
only certain habit planes in the parent $-phase 
crystals. Scratches in the surface of a specimen 
were sheared by the transformation, indicating that 
the a plates were formed by the cooperative move- 
ment of atoms. These investigators also found some 
evidence for burstlike growth of the plates. The 
burst phenomenon may account for the steps in the 
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portion of the transformation rate curve illustrated 
in Fig. 11; this curve represents the transformation 
of the author’s 0.45 pct Cr-U alloy at 361°C and was 
obtained by W. E. Seymour and J. F. Duffey, who 
used a sensitive, specially designed instrument em- 
ploying electrical resistance as the means for measur- 
ing reaction kinetics. 

Holden also studied the crystallography of the 
transformation and has identified the habit plane 
for the transformation with the {321} type 6 plane, 
a rather unimportant plane in the tetragonal B-ura- 
nium crystal. As Holden pointed out, crystallo- 
graphically unimportant habit planes are character- 
istic of martensite. Butcher and Rowe® have sug- 
gested that the {441} 6 plane as well as {321} may 
be another habit plane for the transformation. 

The association of type 3 rate curves with trans- 
formation in the lower C and principally at tem- 
peratures above 350°C suggests the simultaneous 
occurrence of transformation and of annealing of 
transformation stresses. It is plausible to speculate 
that transformation starts in a normal fashion (i.e., 
as in type 2 curve) and in accordance with a certain 
rate pattern. However, transformation stresses build 
up to a point where transformation would stop 
unless the stresses were relieved. This point is rep- 
resented by the onset of the linear portion of the 
type 3 rate curve. In a temperature range that is 
favorable for stress relaxation, a steady state be- 
tween transformation and annealing of transforma- 
tion stresses then prevails until transformation is 
nearer completion. Above the temperature range in 
which a type 3 rate curve is observed, transforma- 
tion stresses are relieved as rapidly as they are 
formed, and transformation can proceed without 
their opposition. At temperatures below the type 3 
range, the driving force is so great that transforma- 
tion can go essentially to completion before the 
transformation stresses offer effective back pressure. 

The fact that the linear portion of the type 3 curve 
becomes flatter and less prominent with decreasing 
temperature is consistent with the suggestion of its 
association with stress relaxation. The relief of 
stresses” may occur by slip in the a phase“ (and 
perhaps in the 8 phase) and by grain boundary 
flow,“ which occur readily above 350°C. At lower 
temperatures, the a phase can deform only by twin- 
ning” and the 8 phase only by slip on {110} type 
planes in the <001> direction;” Holden’ and Mott 
and Haines®** attribute the slow transformation 
rates in U-Cr alloys at low temperatures to these 
deformation limitations. 

Effect of Chromium on Equilibrium Transforma- 


TIME —> 


—— JONVLSISSY 


Fig. 11—Portion of a rate curve for isothermal transformation 
of 0.45 pct alloy at 361°C is shown. The curve plots the re- 
sistance of a 30 mil wire, 2 in. in length, as a function of time. 
The discontinuities may represent martensitic “bursts.” 
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tion Temperature for Uranium: Chromium lowers 
the 6-to-a equilibrium transformation temperature 
in uranium. From inspection of the TTT diagrams, 
this temperature appears to be about 630°C for all 
five alloys. 

In measuring the rates of isothermal transforma- 
tion it was observed that, at temperatures around 
590°C and higher, the total contraction of the dilato- 
meter specimen seemed increasingly too small to 
account for transformation from all £B to all a. 
Therefore, it was wondered whether the eutectoid 
temperature might not be in the neighborhood of 
590°C. However, the fact that the temperature 
assymptote of the upper C appears relatively con- 
stant for all compositions leads to the tentative con- 
clusion that 630°C is the eutectoid temperature 
rather than a temperature above which an alloy is 
entirely in the 8 phase. The peculiarity in specimen 
contraction above 590°C is unexplained; it may be 
associated with grain coarsening, which becomes 
very pronounced in this temperature range. 

Influence of Chromium Content on M, Tempera- 
ture: It is apparent from inspection of the TTT dia- 
grams that the M, temperature, or temperature of 
transition between the upper and lower C’s, is de- 
pressed with increasing chromium content. Since it 
was not possible to obtain a very good quantitative 
relationship solely from the data from the few TTT 
diagrams, special thermal analysis experiments were 
performed for a variety of alloy compositions. The 
specimen and attached thermocouple were quenched 
from 720° to 500°C, which is above the M, tempera- 
ture for all compositions, and then cooled at a some- 
what slower rate, during which time the tempera- 
ture was continuously recorded. Two different 
ranges of cooling rates were employed: 56° to 120° 
and 209° to 292°C per min. 

The thermal arrests, which were not particularly 
pronounced, are plotted in Fig. 12, and it is seen that, 
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Fig. 12—Solid curve shows the effect of chromium content on 
thermal arrests in cooling retained 6 phase from 500°C. Open 
squares represent cooling rate of 56° to 120°C per min and open 
circles represent 209° to 292°C per min. Probable variation of Ms 
temperature with chromium content is shown with the dashed line. 
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for alloys containing less than about 1.5 atomic pet 
Cr, the temperature of thermal arrest decreases with 
increasing chromium content. It will be noted, how- 
ever, that the thermal arrest temperature is not the 
M, temperature but rather some lower temperature 
at which transformation occurs at a relatively rapid 
rate. The variation of M, temperature itself with 
composition is shown in Fig. 12 by the dashed line 
drawn through M, temperature points obtained from 
the TTT diagrams and displaced from the curve for 
thermal arrest temperature by a constant tempera- 
ture difference. This curve for M, temperature vs 
chromium content cannot be regarded as quantita- 
tively accurate because it is not necessary that the 
displacement from the curve for thermal arrest tem- 
perature be constant. However, it is probably nearly 
constant, since the thermal arrest temperatures were 
similar for the different cooling rates. 

An important consequence of the effect of compo- 
sition on M, temperature is that qualitative extrapo- 
lation to 0 or nearly 0 pct Cr suggests that the upper 
C vanishes and that the two modes of transformation 
become synonymous in unalloyed uranium. Since 
chromium is absent, diffusion of chromium is, of 
course, no longer a rate-controlling factor as it is in 
the transformation of the alloys by the upper C 
process. Microstructural similarities would lead to 
the association of the B-to-a phase transformation 
process in uranium metal with that of the lower C 
in U-Cr alloys. Uranium that has been water 
quenched from a f$-phase temperature and U-Cr 
alloys that have been transformed in the lower C 
both exhibit similar transformed a microstructures 
under polarized light. These structures have a ser- 
rated appearance, characterized by extremely irreg- 
ular grain boundaries and grain sizes, fragmentation, 
twinning, and subgraining. Alloys transformed by 
the upper C process, on the other hand, are rela- 
tively devoid of these features and, rather, are 
feathery in appearance. 

If a TTT diagram for pure uranium consisting 
entirely of a single C (lower C type) is imagined, 
the rates of isothermal transformation should be of 
measurable magnitude at very low temperatures and 
also at high temperatures approaching the equilib- 
rium transformation temperature. The author’s at- 
tempts to verify this prediction have been unsuc- 
cessful at low temperatures, probably because it is 
difficult to quench a specimen sufficiently rapidly to 
prevent transformation at the nose of the C-curve. 
However, retarded transformation was observed in 
commercial uranium metal at high temperatures; 
the uranium specimen was found to transform en- 
tirely to the a phase in 1 min at 650°C, in 2% min at 
653°C, and in 4 min at 654°C. 

A further observation from Fig. 12 is that the 
solubility limit of chromium in § uranium at around 
720°C appears to be about 1.5 atomic pct, agreeing 
with the value cited by Mott and Haines.* By extrap- 
olation of the dashed line, the M, temperature at this 
composition would appear to be about 250°C. 

Effect of Alloy Composition on Transformation 
Rate: The rates of transformation to a uranium are 
lowered, both in the upper and lower C’s, with in- 
creasing amounts of chromium dissolved in the B 
phase. In Fig. 13 are plotted the times for beginning 
and end of isothermal transformation at 550°C (in 
upper C) vs composition for a number of alloys in 
addition to those for which full TTT diagrams were 
obtained. The time required for transformation in- 
ereases with chromium content up to about 1.7 
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Fig. 13—Curves show the effect of chromium content on the 
rate of isothermal transformation at 550°C. 


atomic pct, which is in general agreement with the 
value obtained in Fig. 12 for maximum solubility 
of chromium in 8 uranium. With alloys of higher 
chromium content, however, transformation times 
actually become shorter. Presumably the second 
phase particles of undissolved chromium provide 
additional nucleation sites, thereby hastening the 
nucleation of a phase. 

It is not known what effect excess chromium has 
upon the transformation rates in the lower C be- 
cause rate measurements were not made in that 
region of the TTT diagram for the higher chromium 
alloys. 

Temperatures for Maximum Transformation Rates: 
The nose, or temperature of maximum transforma- 
tion rate, of the upper C is at about 575°C, irrespec- 
tive of composition. The nose of the lower C appears 
to be in the general vicinity of 250°C. The maxi- 
mum rate of transformation by the lower C mode is 
considerably greater than that by the upper C mode. 


Conclusions 

1—U-Cr alloys can be transformed isothermally 
from the 6-uranium phase to the e-uranium phase 
by either of two modes. The higher temperature 
mode appears to be diffusion-controlled, while the 
lower temperature mode is martensitic and is the 
more rapid process. 

2—Although the martensitic transformation oc- 
curs isothermally for the most part, there is evi- 
dence that it takes place athermally to a certain 
extent. 

3—At temperatures above 325° to 350°C, trans- 
formation by the martensitic process appears to be 
aided by relief of transformation stresses. 

4—The M, temperature decreases with increasing 
amounts of chromium in solution in the 8 phase. 

5—The two modes of transformation in U-Cr al- 
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loys become synonymous in the £-to-a transforma- 
tion in unalloyed uranium. Microstructural observa- 
tions suggest that the latter is associated with the 
lower C martensitic process. 

6—Transformation rate is decreased with increas- 
ing amounts of chromium in solution in the § phase. 
Undissolved second phase chromium tends to hasten 
the transformation. 

7—The maximum rate of transformation is at 
575°C by the upper temperature mode and in the 
neighborhood of 250°C by the lower temperature 
mode, irrespective of alloy composition. 

8—Applied stress induces transformation of the 
metastable 6 phase to the a phase in U-Cr alloys. 

9—Chromium dissolved in 6-uranium lowers the 
f-to-a equilibrium transformation temperature from 
665° to about 630°C. 

10—The maximum solubility of chromium in f- 
uranium at temperatures of 700° to 725°C is 1.5 to 
1.7 atomic pct. 

11—The rates of transformation below 530°C by 
the upper temperature process fit an Arrhenius 
equation, giving a value for the energy term of 34,- 
000 cal per gram-atom. It is suggested that this 
value may represent the activation energy for diffu- 
sion of chromium in #-uranium. 
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Technical Note 


Compositional Changes of the Alpha Phase in a Eutectoid Cu-Al Alloy 
During Isothermal Transformation 


by Daniel F. Toner, Paul E. Gage, and David J. Mack 


UCH work has been done on the decomposition 
of the 8 phase at the eutectoid composition, 
11.9 pet Al, in the Cu-Al system by Smith and Lind- 
lief,* Mack,’ Klier and Grymko,’ Haynes,‘ and others. 
In all of the mechanisms proposed by these workers 
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for the decomposition of the 6 phase, it was stated 
that the a phase must precipitate rich in aluminum 
with respect to the equilibrium composition of 9.4 
pet Al at 565°C. 

To check this hypothesis, it was necessary to have 
a master curve relating equilibrium aluminum con- 
tent of a to lattice parameters of a. A number of 
binary Cu-Al alloys of increasing amounts of alu- 
minum were prepared by Ampco Metal Inc. These 
alloys, received as-cast, were given a 30 pct reduc- 
tion of area by hot-working and then annealed at 
900°C for homogenization and slowly cooled in the 
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WEIGHT PER CENT ALUMINUM 


Fig. 1—a’ lattice parameters were plotted against the alumi- 
num content to obtain the master curve. 


furnace. Specimens cut from these alloys were used 
for determination of their a lattice parameters. 

The lattice parameters were determined on a 
Norelco X-ray diffractometer. The (200) reflection 
occurring in the range of 49.6° to 50.3° 20 was used 
in all a lattice measurements to keep the absorption 
error approximately constant from one alloy to the 
next. The (200) reflection of the a was chosen be- 
cause there are no interfering lines from the other 
phase patterns.” 

The a’* lattice parameters were determined by the 


* qa’ is used to designate a value of the a@ lattice parameter which 
is uncorrected for adsorption errors and is not the true lattice para- 
meter but one of a higher d-spacing by about 0.012A. 


usual method. The data so determined are plotted in 
Fig. 1 to give the master curve. From Fig. 1 it may 
be seen that the maximum equilibrium content of 
the a in these furnace-cooled alloys is approximately 
8.7 pct Al. This indicates that the solubility of alu- 
minum at lower temperatures may be less than at 
9.4 pct Al as the present equilibrium diagram indi- 
cates.” Also, specimen 9 (8.49 pct Al) had a small 
amount of the eutectoid present as determined from 
metallographic examination, thus confirming the 
X-ray evidence from Fig. 1. 

The a lattice parameters of the specimens origi- 
nally used by Mack’ were then measured. The speci- 
mens were picked at various isothermal tempera- 
tures and times close to the beginning and end of the 
a precipitation as shown on the TTT diagram, Fig. 2. 

The a’ lattice parameters of the transformed speci- 


Fig. 2— Time-tem- 
perature - transforma- 
tion data is given for 
a eutectoid alumi- 
num bronze. 
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mens? were used to determine the aluminum compo- 


y+ These specimens contained: 88.07 pct Cu, 11.89 pct Al, 0.02 pct 
Fe, 0.01 pet Mn, and the balance others. 


sition of the a phase from the master curve of Fig. 1. 
These results are shown graphically in Fig. 3 and 
indicate that, at the higher temperatures and shorter 
isothermal times, the a phase precipitates poor in 
aluminum and grows richer in aluminum as time 
progresses. As the temperature drops, the initial and 
final compositions of a are richer in aluminum than 
at higher temperatures. At 400°C they approach the 
same composition. 

Since these results were contrary to what was ex- 
pected and had been previously proposed, it was 
decided to check the corresponding change in the 
(203) d-spacing of the ~’ martensitic phase because, 
as aluminum diffuses into the a phase increasing its 
lattice parameter, the £’ phase lattice parameter 
should decrease. The (203) reflection of 6’ phase 
was used because it was the closest reflection to the 
(200) a reflection. 

Some of the original alloy was therefore homogen- 
ized for 1 hr at 810°C and isothermally transformed 
at 450°C. These specimens were quenched into 
water at 2, 10, 45, and 80 sec. The (203) d-spacing 
was calculated and plotted against the time of iso- 
thermal transformation. These results are shown in 
Fig. 4. It may be observed that this d-spacing de- 
creases with increasing time indicating that the alu- 
minum atoms are diffusing from the 8 or £, phase 
into the a phase before the £6 or £, is transformed 
into B®’ martensite by the quench. 

The transformed specimens used in this study 
were previously used by Mack,* as has been men- 
tioned. Therefore, since they were eight years old, 
a specimen of the original alloy was transformed, 
duplicating the treatment given specimen 12-5 
which was homogenized at 810°C for 1 hr and iso- 
thermally transformed for 8 min and _ water- 
quenched. By use of the master curve, Fig. 1, it was 
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Fig. 4—Change in d-spacing of 6’ (203) resulted when the 
(203) d-spacing was calculated and plotted against the time 
of isothermal transformation. 
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observed that the freshly prepared specimen had 9.1 
pet Al as compared to 7.9 pct Al for the eight year 
old specimen, loss of 1.2 pet Al over the eight years. 

The authors believe that, since the equilibrium 
solubility of aluminum in the a phase decreases with 
decreasing temperature, the aluminum composition 
in the a phase will, over a period of time (eight 
years), diffuse to lower equilibrium solubility of 
aluminum. However, the possibility exists that this 
apparent shift in composition may be due to other 
causes. 

Presently, work is in progress using a high tem- 
perature powder camera on the Cu-Al @ phase de- 
composition which tends to support the observations 
mentioned previously with respect to the a phase 
compositions during isothermal transformations. 

This work seems to indicate that, since the pro- 
eutectoid a in isothermally transformed aluminum 
bronzes is copper-rich rather than aluminum-rich as 
previously assumed, the proposed mechanism of the 
f& decomposition must be revised. In addition, the 
work indicates that the solid solubility of aluminum 


in copper to form a may be considerably less than 
heretofore believed. 
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Creep of Polycrystalline Tin 


by J. E. Breen and J. Weertman 


The creep rate of polycrystalline tin was studied as a function of temperature and stress 
in constant stress experiments. The temperature was varied from room temperature to al- 
most the melting point of tin. Activation energies were calculated from tests run at the 
same stress. It was found that on a log creep rate ys inverse temperature plot the experi- 
mental points did not fall on one straight line but on a line which changed its slope in the 
90° to 160°C region. Two activation energies for the creep of tin can be calculated from 
the data: a value around 26,000 cal per mol at high temperatures and a value around 
11,000 cal per mol at low temperatures. It is suggested that the discrepancies between 
the creep activation energies and those of self-diffusion can be accounted for if self-dif- 
fusion takes place predominately by Zener’s ring mechanism rather than through vacancy 


or interstitial movement. 


HERBY, Orr, and Dorn’ and Dorn’ have recently 

reviewed some of the data on high temperature 
creep of metals. The data show that the activation 
energy of high temperature creep is approximately 
equal to the activation energy of self-diffusion. This 
same correlation has also been successfully made 
between the activation energy of grain boundary 
relaxation and that of self-diffusion.* * The metal 
tin does not fit into this simple picture. Its activa- 
tion energies of self-diffusion differ appreciably 
from that of grain boundary relaxation and of creep. 
Fensham,’ from a precisely performed experiment, 
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has determined that the activation energies of self- 
diffusion of tin are 10,500 and 5,900 cal per mol 
along the C and A axes, respectively. There are two 
energies because of the anisotropic nature of tin. 
Rotherham, Smith, and Greenough’® have shown that 
the grain boundary relaxation activation energy is 
19,000 cal per mol (measurements made from room 
temperature to 100°C). Puttick and King’ found 
the same activation energy for grain boundary slip 
in bicrystals of tin (180° to 225°C region). 

Until recently, there was no high temperature 
large strain creep data on tin suitable for activation 
energy calculations. At rather smali strains (up to 
0.01), Tyte* had made a series of measurements on 
tin from which activation energies can be calcu- 
lated. In Fig. 1 are plotted some of his data on a 
log creep rate vs inverse temperature graph. It can 
be seen that Tyte’s work indicates that at a relatively 
low temperature the activation energy is around 
7,400 cal per mol but at higher temperatures the 
activation energy increases.’ Since Tyte measured 
the creep only for small strains, it is doubtful if a 
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correlation between activation energy of self-diffu- 
sion and creep should be observed. 

Breen,’ from constant stress and constant load 
creep tests for strains up to one, found an activation 
energy of around 11,000 cal per mol in the 20° to 
130°C region. This value agrees with one of the 
activation energies of self-diffusion. However, 
Frankel, Sherby, and Dorn,” for strains up to 0.4, 
found an activation energy of 21,000 cal per mol in 
the 100° to 205°C region in constant load creep tests. 
The present experiment was undertaken to clarify 
the situation with regard to the activation energy 
of tin. The last section of this paper indicates how 
the various observed activation energies can per- 
haps be fitted into a consistent picture. 


Experimental Details 

The method that was used for applying a constant 
stress to a specimen was that developed by Andrade.” 
The experimental set-up is shown in Fig. 2. It con- 
sists of a fixed grip attached to the upper end of 
the specimen and a lower grip connected to a 
hyperbolic weight. As the specimen elongates, the 
hyperbolic weight sinks into a constant level water 
tank. The stress increase, normally caused by the 
reduction in the specimen cross-sectional area, is 
eliminated by the reduction in load caused by the 
buoyancy of the water. Strain was measured by a 
traveling microscope focused on an index mark 
placed on the lower chain. For the very rapid creep 
tests, a motion picture camera was used. As a check 
on these last tests, it was ascertained that the speed 
of the weight through the water with no specimen 
attached was several orders of magnitude faster 
than the fastest creep rate used. 

The specimens used were in the form of wires 
0.234 cm diam and 10 cm in length. They were made 
of 99.9 pct pure Sn containing 0.01 pct Cu, 0.01 pct 
Pb, 0.01 pct Bi, and 0.01 wt pct Fe as the principal 
impurities. The specimens in the series labeled A, 
B, and C in this report were annealed at a tempera- 
ture of approximately 205°C for 2 hr which resulted 
in a grain size of approximately 53.0 grains per sq 
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Fig. 1—Logarithm of creep rate is shown ys inyerse absolute 
temperature for tests run under various loads. Data is that of 
L. C. Tyte® on polycrystalline tin. 
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mm. Those in series D’ were annealed at 100°C for 
1 hr and developed a grain size of approximately 
715 grains per sq mm. Metallographic examination 
showed no change in grain size after testing. 

The temperature was measured with a thermo- 
couple attached to the upper grip. The temperature 
was controlled to within +1.5°C. 


Results 

Typical creep curves for specimens of series A, 
B, and C (Fig. 3) show a transient, then steady state, 
followed by third stage creep. Fig. 4 shows curves 
obtained for the smallest grain size under both con- 
stant load and constant stress. Fig. 5 shows the 
initial portion of Fig. 4 and indicates that for these 
tests there was very little transient creep. The creep 


Table I. Steady State Creep Rate Under Constant Stress 


Creep Rate, 
Tempera- Cm/Cm Stress, 
Series ture, °C per Min Psi 
A, 629 psi 220 0.115 
214 0.046 
209 0.047 
194 0.013 
187 0.00548 
179 0.00553 
170 0.00242 
150 0.00099 
133 0.00031 
96 3.69x10- 
9.0x10-8 
B, 828 psi 224.5 0.56 
204 0.173 
191 0.053 
172.5 0.0225 
156.5 0.0074 
133 0.0025 
116 0.00091 
101 0.000515 
73 0.000118 
55 3.8x10-5 
38.5 1.52x10-5 
C, 1394 psi 204.5 1.7 
184.5 0.528 
161 0.153 
136 0.0312 
108.5 0.00754 
90 0.00214 
66 0.000314 
52 0.000126 
22 0.000036 
D, fine grain 21.1 1.6x10~ 728.4 
size 21.1 2.5x10-5 827.8 
21-1 2.0x10-5 827.8 
2.1x10-5 827.8 
6.6x10- 1059.5 
21.1 6.0x10-5 1059.5 
18.1x10- 1324.4 
21.1 16.7x10-5 1324.4 
18.8x10— 1324.4 
21.1 21.5x10-5 1324.4 
21.1 54x10 1655.5 
21.1 64.8x10-5 1655.5 
93 19x10-5 629.1 
93 37x10 728.4 
93 59x10 728.4 
93 38x10-5 827.8 
93 75x10 827.8 
93 260x10-5 1059.5 
133 237x10-5 728.4 
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rate of the fine grain tin was much larger than that 
of the coarser grain specimens. 

The point of interest in this experiment is the 
activation energy of creep which is obtained in the 
following manner: A plot is made of the natural 
logarithm of the steady state creep rate as a func- 
tion of the inverse absolute temperature for speci- 
mens that have crept under the same stress. The 
slope of the line obtained is equal to the activation 
energy divided by the gas constant. In Table I are 
given the steady state creep rates of all the measured 
samples. In Fig. 6 are plotted all points in series 
A, B, and C. It is obvious that all the points for 
similar specimens which had crept under the same 
stress do not fall on one straight line. The points 
can be separated into a high temperature region 
having an activation energy of about 26,000 cal per 
mol and a low temperature region having a value 
of about 11,000 cal per mol. Values for the different 
series of tests are given in Table II. 

Another way to obtain the activation energy of 
creep which is used in constant load tests"’ is to 
plot the strain as a function of 6 where @ is equal 
to t exp (—Q/RT); t is the time, Q the activation 
energy, R the gas constant, and T the absolute tem- 
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Table II. Activation Energies Calculated from Steady State 
Creep Rates 


Cal per Mol for Temperature Range 


Specimen 130° to 20° to 
Series 224°C 100°C 

A, 629 psi 27,800 oo 
B, 828 psi 26,200 12,500 
C, 1394 psi 22,700 10,400 
D, fine grain — 11,000 


perature. In Figs. 7 and 8 a plot of this type is made 
for the data of series B. In Fig. 7 an average activa- 
tion energy of 17,600 cal per mol is used. The scatter 
in the points is reduced by using two activation 
energies of 14,100 and 20,700 cal per mol. However, 
these values differ quite appreciably from those de- 
termined by the steady state creep rates. The reason 
for this discrepancy is that calculations of activa- 
tion energies from plots such as those shown in Figs. 
7 and 8 give weight to the transient portion of the 


TEMPERATURE (°C) 


200 150 100 90 20 
Ne T T T 
e 
A 629 PSI 
e = B 828 PSI” 
C 1324 PSI 
10 D 1059 PSI (SMALL GRAIN) 
fe, 
e 
= 
10> 
° 
E 
e 
S 
0.0020 0.0030 0,0035 


ABSOLUTE TEMPERATURE 


Fig. 6—Logarithm of creep rate is plotted ys inverse absolute 
temperature for all tests in series A, B, and C and two tests 
in series D. 
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Table Ill. Time, Min, to Reach a Fixed Strain 


Strain 
Tempera- 
Series ture, °C 0.05 0.10 0.15 0.20 
A, 629 psi 220 0.078 0.46 — — 
214 — 0.72 1.78 2.87 
209 —_— 0.79 1.82 = 
194 0.35 2.55 6.42 = 
187 3.1 10 18.8 ae 
179 0.995 5.5 13.2 22.3 
170 1.68 12.6 30.6 51.6 
150 5.0 35 86.5 136 
133 43 164 323 — 
96 280 1280 2650 = 
(Hie) 1080 4850 9700 15,500 
B, 828 psi 224.5 03 0.108 0.194 0.28 
204 0.0934 0.297 0.587 0.875 
191 0.16 0.57 1.44 2.40 
172.5 — 0.8 2.35 4.5 
156.5 a 2.9 7.4 13.4 
133 2.5 11 26 44 
116 5 43 94 149 
101 A, 82 176 273 
73 90 435 835 = 
55 260 1370 2670 3830 
38.5 1030 4140 
C, 1394 psi 204.5 _— 0.021 0.041 0.0706 
184.5 — 0.034 0.082 0.158 
161 — 0.1 0.3 0.585 
136 = — 0.9 2.0 
108.5 —_— 0.95 3.6 8.7 
90 — 4.6 14.6 52.2 
66 oo 23 87 217 
52 _— 76 264 624 
22 2120 — 


creep curve. The transient portion may or may not 
have the same apparent activation energy as the 
steady state part. The fact that the activation energy 
of tin, determined by Frenkel, Sherby, and Dorn,” 
is just about equal to the high temperature portion 
of Fig. 8 shows that there is probably no inconsist- 
ency between the present work and theirs, since 
they plotted their data in the manner given in Figs. 
7 and 8. Another way to calculate the activation 
energy of creep which is equivalent to that given in 
Figs. 7 and 8 is to plot the logarithm of the time to 
reach a fixed strain as a function of the inverse 
temperature. In Table III are given the times to 
reach various strains. In Table IV are given activa- 
tion energies calculated from plots of these times. 
From this table, it can be seen that at higher strains 
the activation energies approach those calculated 
from the steady state creep rate. 

In Fig. 9 the logarithm of the creep rate is plotted 
as a function of stress for the fine grain tin. A log- 
log plot of creep rate as a function of stress would 
show the data as parallel straight lines. In Fig. 10 
the logarithm of the creep rate times exp (Q/RT) 
is plotted as a function of the logarithm of the stress. 
This plot indicates that the creep rate can be equated 


LO 


224.5 °C 

204°C 

191°C 828 PSI 
5°C 


4x 
° 


0 


TRUE STRAIN 
T 


19-8 10-7 


TEMPERATURE COMPENSATED TIME 1.800 


(t IN MINUTES, T IN °K) 


Fig. 7—Logarithm of true strain is plotted vs the logarithm of the 
temperature-compensated time for tests of series B. 
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to constant o** exp (—Q/RT), where co is the stress 
and Q is the activation energy of self-diffusion. In 
this case, Q is equal to 11,000 cal per mol. 


Discussion 

The experimental work just described has shown 
that the apparent activation energy of creep in the 
neighborhood of the melting point of tin is around 
26,000 cal per mol, while near room temperature it 
is much smaller and seems to be around 11,000 cal 
per mol. The fact that there are two activation 
energies of creep of tin is not surprising, since it is 
an anisotropic metal. For example, it also has two 
activation energies of self-diffusion.’ What is trouble- 
some about tin is that the activation energies of 
self-diffusion and creep do not agree. At high tem- 
peratures, self-diffusion is fastest in the direction 
having the activation energy of 10,500 cal per mol 
as contrasted with the observed creep activation 
energy of 26,000 cal per mol in this temperature 
range. At low temperatures, the fast direction of 
self-diffusion has an activation energy of 5,900 cal 
per mol as contrasted to the higher activation energy 
of 11,000 cal per mol for creep. As mentioned pre- 
viously, the activation energies of creep in other 
metals that have been investigated do seem to agree 
with those of self-diffusion. This suggests that in 
tin the mechanism of self-diffusion is different from 
the rate controlling process in creep, while in other 
metals the same mechanism is operative in both 
te- 400 
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Fig. 8—Logarithm of true strain is plotted ys the logarithm of the 
temperature-compensated time for tests of series B. 
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Table IV. Activation Energies Calculated from Data in Table III 


Strain A, 629 Psi B, 828 Psi C, 1394 Psi 
Cal per Mol for Temperature Range 130° to 224°C 
0.05 26,700 18,900 — 
0.10 27,700 20,700 17,200 
0.15 27,700 20,900 18,400 
0.20 — 22,300 20,400 
Cal per Mol for Temperature Range 20° to 100°C 
0.05 17,600 15,000 _ 
0.10 17,100 14,800 — 
0.15 16,600 14,200 17,600 
0.20 — 13,500 15,000 
cases. Vacancy (or interstitial) movement is one 


mechanism of self-diffusion. This mechanism may 
also account for creep. For example, creep theories 
of Nabarro” and of Herring” use a mass transport 
of vacancies (or interstitials) to account for creep 
in wires at low stresses and high temperatures. if 
creep is controlled by the dislocation climb mech- 
anism,” vacancies (or interstitials) are important, 
since they are created or destroyed during climb. 
Another mechanism of self-diffusion is Zener’s ring 
mechanism.” This mechanism, however, cannot pos- 
sibly account for creep because a crystal remains 
perfectly unchanged after rotation of a ring. In face- 
centered-cubic metals, the vacancy mechanism ap- 
pears to be the most important one for self-diffu- 
sion.” It does not necessarily follow that in tin, with 
its more complex structure, the situation will re- 
main the same. The disagreement between the 
activation energies of creep and self-diffusion thus 
might constitute indirect evidence that Zener’s ring 
mechanism is the predominate mechanism of self- 
diffusion in tin. Perhaps a well thought out Kirk- 
endall experiment may give more direct proof of 
this suggestion. 

If it is assumed that the explanation of the dis- 
crepancies between the activation energies of creep 
and self-diffusion is due to the fact that Zener’s 
mechanism is predominate in one case and the 
vacancy mechanism in the other, there still remains 
the difficulty of resolving the grain boundary re- 
laxation activation energy with those of creep and 
self-diffusion. Rotherham, Smith, and Greenough’* 
found an activation energy of 19,000 cal per mol in 
the region where the fast self-diffusion activation 
energy is equal to 5,900 cal per mol and that of 
creep is approximately 11,000 cal per mol. If grain 
boundary relaxation is controlled through the va- 
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cancy mechanism, it is to be expected that the 
activation energy of grain boundary relaxation 
would be that of steady state creep. However, the 
most successful model” to explain grain boundary 
relaxation does not depend on vacancy movement 
but on a localized melting of regions in the grain 
boundary. The activation energy of grain boundary 
relaxation on this model is not that of self-diffusion 
but is proportional to the heat of fusion. The ap- 
parent agreement between the activation energy of 
self-diffusion and grain boundary relaxation in other 
metals is strictly fortuitous on this model. There- 
fore, there is no reason to expect that in tin the 
activation energy of grain boundary relaxation 
should be equal to that of steady state creep or of 
self-diffusion. 
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Aging Effects in Commercially Pure Beryllium 


by D. R. Mash 


_ A strong yield point with attendant enhanced mechanical properties was found 
in commercially pure beryllium under certain conditions of heat treatment. Beryllium 
specimens also responded to both quench and strain aging treatments. Based on 
these results, a possible means of obtaining increased normal temperature mechan- 


ical properties is suggested. 


OMMERCIALLY pure beryllium has been found 
to exhibit the yield point phenomenon and sev- 
eral other aging manifestations under certain con- 
ditions of heat treatment. This behavior is not sur- 
prising in view of the present accumulation of 
experience regarding such effects in numerous 
metals; but in addition to extending this experience 
to include beryllium, the present study is of interest 
because aging effects are generally associated with 
the presence of small amounts of solute elements. 
The well known lack of tensile ductility in beryl- 
lium at normal temperatures is also considered to be 
due to impurities in some way. 

In the present investigation, the view was taken 
that beryllium of commercial purity (greater than 
98 pct) should be considered as a dilute alloy and 
that precipitation phenomena may well exist which 
could lead to enhanced mechanical properties. In 
connection with this possibility, published data on 
the variation of mechanical properties with tem- 
perature are of interest. For example, Fig. 1 illus- 
trates the variation of ductility (percentage of elon- 
gation) and ultimate strength as a function of tem- 
perature for beryllium of various histories.’ Although 
these curves are somewhat schematic in nature, they 
clearly indicate the possibility that precipitation of 
an unstable phase and/or aging effects occur during 
tests in the region 400° to 700°C. The existence of 
such behavior should be recognized as affecting the 
properties of the commercial material and perhaps 
can be employed advantageously. 


Experimental Method 

All testing was done at room temperature using 
a Baldwin universal testing machine. A microformer 
extensometer was used in conjunction with a micro- 
former-type stress-strain recorder. All tests were 
conducted at constant loading rate, the slowest rates 
being used. This corresponded to 120 lb per min 
in the 1200 lb full scale range and 300 lb per min 
in the 6000 lb full scale range. 

After the rate of loading was set in the elastic 
range of the material during the early part of the 
test, no further adjustments were made, allowing 
the test to proceed at that setting. In the plastic 
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Fig. 1—Variation of beryllium ductility (lower curves) and ultimate 
strength (upper curves) is given as a function of temperature. Data 
is taken from ref. 1. 


region of the curve above the yield region, strain 
rates of from 0.002 to 0.006 in. per min were regu- 
larly obtained. 

All experimentation was carried out on specimens 
machined from the same lot of beryllium, lot No. 
Y5036BP. Table I shows the chemical analysis as 
furnished by the supplier, Brush Beryllium Co., as 
well as the standard specifications to which com- 
mercial beryllium is produced. Both % in. thick 
hot pressed plate and % in. round hot pressed and 
warm extruded rods were obtained. The history of 
the material is reported to be as follows: 

1—Beryllium metal plates, produced from a stand- 
ard hot pressed QMV beryllium metal block 4x15x40 
in., were cut off and finished machined to 4x6x12 
in. flat plates. The original hot pressed block was 
made by hot pressing —200 mesh vacuum cast attri- 
tioned powder at about 1050°C under vacuum. 

2—-Beryllium rod was hot pressed and warm ex- 
truded. Extrusion billets were machined from the 
regular hot pressed blocks followed by extrusion at 
425°C. The extrusion was done without jacketing, 
and graphite was used as a lubricant. The rods were 
then straightened at 720°C, after which they were 
annealed at 800°C for 15 min. 

Both flat tensile specimens and round tensile 
specimens were tested. The former were machined 
from the plate stock into standard specimens accord- 
ing to specifications shown in ASTM E8-52T. The 
nominal cross-section was 0.25x0.500 in. and the 
gage length was 2 in. The round specimens were 
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Table |. Chemical Analysis of QMV Beryllium Powder Sample from 


Lot Y5036BP 
QMV Speci- 
Element* Y5036BP, Wt Pct fications, Wt Pct 

C, Be 99.02 >98.00 
S, Al 0.0310 <0.15 
(C13) 0.0006 — 
S, Fe 0.1180 <0.20 
S,Mn 0.0190 
S,Ni 0.0130 — 
S, Co 0.0002 — 
Sater <0.0003 — 
C, BeO 0.92 <1.50 

BeoC — <0.35 

Mg — <0.30 


* C stands for chemical analysis and S for spectrographic analysis. 


after Annealing 
| wk at 650°C 


STRESS - 10° psi 


20.70 
16.58 4 
UTS :47,000 psi 
8.28 Elong.” 3.05 % 7 
4.14 4 
(0) O10 O15 020 025 .030 


STRAIN - IN/IN 


Fig. 4—Hot pressed beryllium plate tensile specimen No. 19 was 
fully annealed at 800°C for 6 hr prior to testing as shown. The 
upper yield point was 34,300 psi and the lower, 33,950 psi. 
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of approximately 0.185 in. diam, 2 in. gage length, 
and were threaded on the ends. 

After machining, the specimens were given the 
recommended chemical etching treatment. This con- 
sisted of removing approximately 0.002 in. from the 
surface in a bath consisting of 213 g CrO,, 1800 ml 
concentrated ortho phosphoric acid, and 106 ml con- 
centrated sulphuric acid. Macroetching was carried 
out at about 100°C. 

Metallographic examination of both round and 
plate stock revealed that a uniformly small grain 
size (approximately 0.020 mm average grain diam- 
eter) was obtained with numerous twins as well as a 
liberal number of inclusions in the material. 


Experimental Procedure 
The general procedure involved annealing speci- 
mens at various temperatures followed by cooling 
at various rates in order to observe the effect on the 
room temperature mechanical properties of the test 
material. The effect of solution heat treating fol- 
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lowed by low temperature aging treatments (quench 
aging treatments) was also studied to some extent, 
as was the effect of prestrain and aging on mechan- 
ical properties (strain aging treatments). Anneal- 
ing followed by varying cooling rates produced the 
most interesting results and will be dealt with pri- 
marily in this study. 

The annealing treatments were carried out in sev- 
eral ways: A vacuum (2x10° mm Hg) annealing 
furnace was employed for extended tests at the 
higher temperatures (600° to 900°C). Full anneal- 
ing involved cooling the specimen down to room 
temperature with the furnace at a rate of about 2°C 
per min in the range 900° to 500°C and less than 
1°C per min below this temperature. This is re- 
ferred to as full annealing or as furnace cooling 
hereafter. Except for several bars tested in the as- 
received condition, all specimens were annealed 
initially at 800°C for 1 hr in a lead bath, the speci- 
mens being contained in a stainless steel can with 
zirconium turnings and sealed on both ends. Before 
removing the specimens, this unit was allowed to 
cool in air at a rate which is estimated as between 
5° and 7°C per min. This is referred to as slow air 
cooling. Specimens heated for short times were 
treated in air. When heat treatment was followed 
by cooling in still air, it is referred to as air cooled. 
Water quenching from the annealing temperature 
and oil quenching were also done and are so desig- 
nated. 

Annealing temperatures were controlled to within 
5°C of the desired temperature. 


Experimental Results 
Typical results of this study are shown in Figs. 
2 through 12 and are summarized in Tables II 
and IV. Due to differences in specimen history, it 
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Table II. Hot Pressed Beryllium 1% In. Plate, Typical Tensile Data after Various Treatments 


Upper Lower Strain at Ultimate 
g 0.2 Yield Yield Yield Yield Tensile Elonga- 
Lakes Strength, Point, Point, Point, Strength, tion,; 
o. Treatment* Psi Psi Pet Psi Pet Remarks 
25 As received 34,000 —_— —_— 40,800 1.0 Slight inflection at 
yielding. 
2 As received 34,100 _— — 51,800 3.6 Slight inflection at 
ielding. 
800°C, 6 hr FC — 35,300 0.55 52,800 5.2 
hr FC 34,300 33,950 0.40 — Not taken to failure. 
37 — 32,700 0.35 47,700 Broke at defect. 
2 Cc 31,100 — 50,700 4.5 Definite inflection at 
°C, Lhr SAC = 37,300 
0.50 54,100 4.5 
hr 30,600 ite i i 
19 800°C, 6 hr FC 30,500 — —_— 47,000 3.05 
1.1 pet strain, 
1 week FC 
AC 31,100 — 47,300 2.75 
38 800°C, 1 hr SAC 32,100 — 32,100 0.25 ess — i i i 
33 800°C, 1 hr SAC 28,200 — _ 
00°C, 1 hr SAC 32,100 — 32,100 0.25 — — Mild yield point. 
36 800°C, 1 hr AC 30,000 40,500 2.75 
35 800°C, 1 hr AC 30,200 — — 48,000 5:25 Slight inflection 


600°C, 40 min AC 


at yielding. 


tS FC stands for furnace cool, SAC for slow air cool, and AC for air cool. 
+ Note: Reduction of area values were comparable to elongation values. 


is convenient to separate the description into that 
dealing with hot pressed plate tensile specimens and 
that concerning the hot pressed, warm extruded 
round specimens. 

Hot Pressed Beryllium Plate Tensile Specimens: 
A typical room temperature stress-strain curve of 
the as-received (as hot pressed) material, No. 25, is 
shown in Fig. 2. An inflection point can be observed 
in the region of yielding. For comparison, a fully 
annealed specimen, No. 17, is exhibited in Fig. 3. 
A strong yield point is seen which extends to 0.5 pct 
strain before strain hardening begins. Unloading, 
followed by immediate reloading, shows that the 
yield point has been completely removed. Com- 
parison of mechanical properties of these two speci- 
mens shows that No. 17 is superior to No. 25 in all 
respects. A more extensive comparison of proper- 
ties is summarized in Table II. This treatment was 
found in the present study to result in uniformly 
higher properties than are generally associated with 
hot pressed stock, Table III.*“* A temperature of 
700°C was determined to be the approximate min- 
imum temperature for the full annealing treatment 
to obtain the strong yield point and attendant 
enhanced mechanical properties. 

Fig. 4 shows the effect of annealing for one week 
at 650°C after a prestrain of 1.1 pct, while Fig. 5 
shows the results of the same treatment with no 
prestrain. In the former case, the reloading curve 
indicates complete recovery with no yield point in- 
dication; however, the relative importance of over- 
aging, recovery, and possibly grain growth were 


not evaluated. Total elongation of the specimen was 
low by comparison to fully annealed specimens de- 
scribed previously. The specimen shown in Fig. 5 
indicates that with no prestrain the strong yield 
point due to the initial full annealing at 800°C has 
been replaced by an inflection point. Apparently, 
the critical state of precipitation required to pro- 
duce the marked yield point has been passed, al- 
though properties remained relatively high. Elonga- 
tion did not suffer greatly from this treatment. 
Further tests were carried out using various cooling 
rates. Air cooling and faster rates of cooling from 
the solution range, 700° to 900°C, failed to produce 
any manifestation of the yield point phenomenon. 
However, slow air cooling of a series of specimens 
proved quite interesting. In no case was a strong 
yield point observed; however, the curves exhibited 
various degrees of the phenomenon: no yield point, 
a definite inflection point, or a mild (less extensive) 
yield point. Ths could be partly accounted for by 
slight differences in the actual cooling rates but it 
is felt that inhomogeneity of the material is the 
major factor. This was given further confirmation 
in other tests in this study where samples treated 
together exhibited variations in behavior with re- 
gard to yield. Fig. 6 is an example of a slowly air 
cooled specimen in which the yield point effect is 
very mild. It is noteworthy that mechanical prop- 
erties are again lower than those of fully annealed 
specimens. 

In general, with no prestrain, treating above the 
solution range, air cooling, or faster cooling followed 


Table III. Typical Tensile Data for Production Beryllium 


Tensile 0.2 Yield Pet se 
i i No. of Strength, Strength, Elonga- c Ref- 
an Samples Psi Psi tion R/A erence 
; 10 45,800 31,600 2.7 2.6 3* 

Hot bressed 134 41,200 32,200 1.6 15 
16 41,000 to 53,000 30,000 to 37,000 2 to 3.5 1.2 to 2.9 4 
30,000 to 50,000 25,000 to — 

20 73,230 48,980 3.6 3* 
— 73,000 to 98,500 42,000 to 67,400 5.5 to 12.8 5.5 to 10.9 2 


* Average values. 
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Fig. 6—Hot pressed beryllium plate tensile specimen No. 29 
was annealed at 800°C for 1 hr and slowly air cooled. 
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Fig. 7—Hot pressed, warm extruded beryllium rod round tensile 
specimen No. 27 is shown in the as-received condition. 


by a low temperature aging treatment (quench 
aging) was ineffective in producing a strong yield 
point in this study. The best results obtained were 
after aging at 600°C for 40 min where an inflection 
point only was obtained. 

The effect of prior strain in producing strain aging 
effects was studied to some extent. In this case, it 
was found that above 500°C, even for aging times 
of the order of minutes, recovery was the predom- 
inant effect. Aging at 370°C for 45 min after 0.5 pct 
strain produced a mild yield point. There is no 
doubt that more extensive studies of the variables 
would develop the optimum conditions for showing 
both the strain and quench aging phenomena in hot 
pressed material. 

Hot Pressed, Warm Extruded Rod: Similar treat- 
ments to those already described were carried out 
on this material with additional effort spent in vary- 
ing the conditions in order to observe the various 
aging effects more clearly. For this reason, only a 
few of the specimens were taken to failure. 

Fig. 7 shows an as-received specimen, No. 27. Dis- 
continuous yielding over a 1 pct strain range after 
the initial yield point of 49,500 psi can be observed. 
Mechanical properties are relatively high and com- 
pare favorably with those reported in the literature 
for this product, Table III. 

Full annealing from above 800°C completely re- 
moved any manifestation of the yield point. An 
example of this is seen in Fig. 8 where mechanical 
properties are somewhat lower than No. 27. 

Slow air cooling produced very strong yield points 
in a number of specimens and mild ones in others. 
It is believed that inhomogeneity accounts for this 
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difference. Fig. 9 is an example of the most subdued 
yield effect. Fig. 10, No. 29, is an example of the 
strong yield point which can be produced by slow 
air cooling. Fig. 10 is a typical record of tests car- 
ried out varying strain, temperature, and time. After 
unloading at approximately 1.25 pct strain, anneal- 
ing at 800°C for 40 min and air cooling completely 
removed any yield point effect, and complete re- 
covery took place. After a small strain of 0.25 pct, 
annealing for % hr at 500°C brought out a mild 
yield point with some strengthening. After 0.3 pct 
strain, annealing at 700°C for % hr and air cooling 
caused recovery with no yield effect. However, aging 
at room temperature for 16 hr produced a very mild 
yield point effect. Faster quenching, such as oil 
quenching, from 700° or 800°C after small strains, 
produced no effect except complete recovery and 
loss of all yield point effect, as can be seen in Fig. 11. 

The effect of several treatments on specimen No. 
50 can be seen in Fig. 11. Strain of 1 pet followed 
by 300°C for 15 min, air cooled, brought out a 
definite yield point. After further straining, a sim- 
ilar treatment again produced the yield point phe- 
nomenon. Sample No. 49A, on the other hand, did 
not show a yield point after aging with no prestrain 
at 300°C for 15 or 30 min. Quench aging treatments 
provided an interesting result as shown in Fig. 12. 
Although no yield point was obtained, definite 
strengthening was observed by aging at 300°C, while 
aging above and below this temperature showed 
lower yield strengths. 

As in the case of the hot pressed plate tests, opti- 
mum mechanical properties corresponded with the 
occurrence of the aging effect. Even though both 
quench and strain aging effects were observed in 
the case of extruded rod, it is felt that more exten- 
sive work would be required to uncover optimum 
conditions for producing the effects. Table IV com- 
pares a number of specimens given various treat- 
ments. It is interesting to note that these treatments 
greatly affect the mechanical properties. Yield 
strengths especially are compared, since most speci- 
mens were not taken to failure. It has been found 
that those beryllium specimens with the highest 
yield strength values will produce the optimum 
ultimate strengths and ductility values. 


Discussion 
The present study of commercially pure beryllium 
should be considered as an addition to the growing 
list of metals exhibiting aging effects and it may 
serve as an indication for future work in improving 
the mechanical properties of beryllium. If increased 
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Fig. 8—Hot pressed, warm extruded beryllium rod round ten- 
sile specimen No. 55 was annealed at 800°C for 1 hr, slowly 
air cooled, and then fully annealed at 900°C for 4 hr. 
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Table IV. Hot Pressed, Warm Extruded 14 In. Beryllium Rod, Typical Tensile Data after Various Treatments 


0.2 Upper Lower Strain at Ultimate 
s ; Yield Yield Yield Yield Tensile Elonga- 
pecimen Strength, Point, Point, Point, Strength, tion,; 
No. Treatment Psi Psi Psi Pet Psi Pct Remarks 
27 As received 49,800 —_ 49,500 — 81,000 7.9 Discontinuing yielding, 
: ild yield point. 
55 800°C, 1 hr SAC 28,400 — — — 58,400 4.6 
800°C, 1 hr SAC 34,900 —_— 34,900 0.25 — — Mild yield point. 
52 800°C, 1 hr SAC 34,500 — 34,500 0.25 — — Mild yield point. 
51 800°C, 1 hr SAC — 53,800 52,000 1.0 —= = — 
31 800°C, 1 hr SAC 34,600 — — 67,600 5.6 —_— 
53 800°C, hr SAC — 56,100 51,400 1.0 = = 
°C, 34,100 — 34,100 0.25 — Mild yield point. 
52A 850°C. 1 hr OQ 33/200 
200°C, 1 hr AC 
850°C, 1 hr OQ 44,400 — 
300°C, 1 hr AC 
54A 850°C, 1 hr OQ 32,000 = => aa 


400°C, 1 hr AC 


Lae stands for furnace cool, SAC for slow air cool, AC for air cool, and OQ for oil quench. 
+ Note: Reduction of area values were comparable to elongation values. 


purity of the metal is difficult to attain on a com- 
mercial scale by present known production meth- 
ods, it is possible that suitable alloying additions 
may effect the desired results by means of a pre- 
cipitation phenomenon when accompanied by suit- 
able heat treatment. The effect may be that of pre- 
cipitation involving the added element itself or the 
addition may promote precipitation of the element 
or elements causing brittle behavior in the current 
material. 

The effect of cooling rate from a solution heat 
treating temperature range in either producing or 
restraining the yield point phenomenon and the 
subsequent effect on the yield strength of the mate- 
rial can be interpreted on the basis of precipitation 
of an unstable phase arising from the presence of 
impurities in commercially pure beryllium. The 
presence of both quench and strain aging leads to 
the belief that more than one type of impurity may 
be responsible. However, the greater effectiveness 
of the former (including critical cooling rate treat- 
ments) tends to create interest in precipitation hard- 
ening possibilities on the basis of the present re- 
sults. Reasoning in this way, it should be pointed 
out, does not in any way deny the possibility of a 
dislocation mechanism underlying the yield point 
phenomenon itself. Both substitutional and inter- 
stitial solute elements can presumably make up an 
atmosphere for dislocations giving rise to a yield 
point under the proper conditions. The formation 
of this atmosphere may be considered as the first 
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Fig. 9—Hot pressed, warm extruded beryllium rod round tensile 
specimen No. 31 was annealed at 800°C for 1 hr, slowly air cooled. 
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stage in the precipitation process; a dislocation cer- 
tainly would offer the most likely site for the nuclea- 
tion of an unstable second phase just as it is for 
the presence of interstitial atoms. The former case 
would probably be more critical, however, for show- 
ing the yield point markedly, since as precipitation 
progressed the chances of dislocation escape decrease 
and normal hardening effects would greatly over- 
shadow any such tendency. Finally, if overaging 
occurred, of course, no yield point could be expected. 

From the analysis shown in Table I, it can be 
noted that the beryllium used in this study con- 
tained a number of residual elements including alu- 
minum, boron, iron, manganese, and nickel. Exist- 
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Fig. 10—Hot pressed, warm extruded beryllium rod round tensile 
specimen No. 49 was annealed at 800°C, slowly air cooled. 


58.80 T T T T 
51.45 


44.10 = 


36.7 


30, 900psi 
2) 
2940; = 
' 
D 22.05- Unloading 
Fully anneol 
= 850°C Ihr 
14.7 200°C amin 
AC 
7.35 


1 | 
0.05 0.15 0.20 0.25 


STRAIN-INZIN 


Fig. 11—Hot pressed, warm extruded beryllium round tensile speci- 
men No. 50 was fully annealed at 850°C for 1 hr. 
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ing information on low temperature solubility of 
these elements is scarce but it appears that the 
amounts in equilibrium are very small and one or 
more of the foregoing elements may contribute to 
the quench aging effects. In addition, copper is an- 
other possibility although not shown in the analysis 
of Table I. The elements oxygen, nitrogen, and 
carbon probably have a slight solubility in beryl- 
lium, and their presence may either directly or in- 
directly account for both quench and strain aging 
effects, since only very small solubility is necessary 
to promote aging effects. 

A recognition of the yield point phenomenon and 
its apparent effect on mechanical properties in com- 
mercially pure beryllium is of importance in achiev- 
ing a greater degree of uniformity of product as well 
as obtaining maximum properties. In both rod and 
plate specimens, it appears that production prac- 
tices, fortuitously or not, have produced material 
closely approaching the best structural conditions 
as defined by this investigation. In this regard, it 
should be noted that the test material was on hand 
about one year before actual testing. The effect of 
this time interval on the characteristics of the as- 
received material is not known but may have had 
some bearing. 

Another important fact to consider appears to be 
the apparent inhomogeneity of the material as 
shown by the variation in the resulting yield point 
effect in specimens treated alike. Furthermore, the 
difference in critical cooling rate between hot pressed 
plates and hot pressed, warm extruded rod point 
up the effect of specimen history on this study, but 
also could well indicate that ditference in analysis 
exists between the two materials. It is known that 
each successive fabrication step in beryllium pro- 
duction results in some increase in impurity con- 
tents, especially in oxygen and iron. 

The extensive strain associated with the sharp 
yield points in the specimens (in plate and in rods) 
is very interesting in the light of the present lack 
of knowledge of operative deformation processes in 
beryllium and presents a subject for further study. 

A most striking fact to be gained from the tests 
on the rod specimens is that the high yield values 
are associated with the presence of the yield point; 
where no yield point is found, the yield strength 
values are much closer to those found in hot pressed 
plate products. The greater ductility is also asso- 
ciated with the presence of the aging effects in every 
case. It should be pointed out, also, that properties 
reported here were obtained using an extremely 
slow strain rate. Faster rates would be expected 
to produce higher values. In all cases, greater uni- 
formity of properties was found by obtaining op- 
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timum conditions as represented by presence of the 
yield point phenomenon. 


Summary and Conclusions 

It has been found that marked differences in the 
mechanical properties and tensile stress-strain rela- 
tionships of a number of beryllium tests specimens 
from the same lot of material could be effected by 
simple heat treatments. Furthermore, manifesta- 
tions of both quench and strain aging phenomena 
have been found to exist. 

A strong yield point was found to exist in the 
material with attendant enhanced mechanical prop- 
erties under the following conditions: 

1—Hot Pressed Plate: Full annealing was carried 
out from above 700°C (700° to 900°C range used in 
this study). Furnace cooling at approximately 2°C 
per min was employed. 

2—Hot Pressed, Warm Extruded Rods: Rods were 
slowly air cooled at approximately 5° to 7°C per 
min from above 700°C (700° to 900°C range em- 
ployed in this work). 

Cooling in still air and faster rates of cooling 
from the solution treating range were found not to 
produce the yield point or any other aging effect in 
either type of specimen. 

Furnace cooling of hot pressed, warm extruded 
bars from the solution range was found to show no 
yield point and exhibited lower tensile properties 
than material treated by other means. 

Beryllium specimens were found to respond to 
both quench and strain aging treatments. Optimum 
conditions to show the maximum effect of such 
treatments probably have not been employed here, 
however. 

It is felt that the foregoing information may pos- 
sibly be employed to advantage in several ways: 

1—Comprehensive investigation of alloying pos- 
sibilities may uncover a means of increasing the 
mechanical properties of beryllium through a pre- 
cipitation mechanism. Substitutionally soluble ele- 
ments such as cobalt, aluminum, boron, iron, nickel, 
and copper may prove beneficial provided suitable 
heat treatment is einployed. 

2—Residual oxygen, carbon, or nitrogen may be 
responsible for the effects; in which case, a means 
of obtaining the optimum properties and product 
uniformity in the commercially pure material by 
suitable heat treatments after fabrication, such as 
already described, is indicated. 

3—By an appreciation of these effects, close con- 
trol of production variables such as cooling rates 
and chemical analyses will provide a commercially 
pure beryllium with the most uniform properties 
that are possible to obtain. 


Acknowledgment 
This work was performed under the auspices of 
the U. S. Atomic Energy Commission. 


Discussion of this paper, if any, will appear in 
JOURNAL OF METALS, May 1956, and in AIME Metals 
Branch Transactions, Vol. 206, 1956. 


References 

*“W. W. Beaver: Fabrication of Beryllium by Pow- 
der Metallurgy. Metal Progress (1954) 65, No. 4, p. 92. 

*“W. W. Beaver et al.: A Study of Factors Relating 
to the Consistency of Mechanical Properties in Ex- 
truded BeryWium. NYO 1120 (Aug. 15, 1953). 

*E. E. Baldwin and R. F. Koenig: Mechanical Prop- 
erties of Beryllium. KAPL 1049 (Feb. 15, 1954). 

“W. W. Beaver and B. C. Raynes: Mechanical Prop- 
erties of Beryllium Metal. I. Hot Pressed Powder. 
BBC-48 (June 26, 1951). 


TRANSACTIONS AIME 


60.5 
52.5 Bor 


Preliminary Examination of the Quenching of Titanium Alloys 


by Leonard D. Jaffe 


From the limited experimental data in the literature, preliminary values were derived 
for the thermal diffusivity of titanium alloys and for the quenching severity of various 
mediums used in heat treating them. The thermal diffusivity, under quenching condi- 
tions, was found to be approximately 0.006 sq in. per sec. The quenching severity H 
for brine is approximately 8, for water 4, for oil 0.9, for air 0.08, and for argon 0.02 in.” 
The quenching severity of the Jominy-Boegehold end quench water jet against titanium 
alloys appeared effectively infinite. Using these results, graphs were prepared showing 
ideal round sizes and Jominy positions having cooled conditions equivalent to those at the 
center and surface of titanium alloy rounds, plates, and sheets quenched in various media. 


HE importance of proper quenching of steel 

parts has long been recognized, and much quan- 
titative work has been done on the subject. Recently, 
it has become evident that for titanium alloys, too, 
the rate of cooling from high temperature is impor- 
tant in obtaining high strength and hardness. Max- 
imum hardness and strength may not be attained in 
the as-quenched condition but rather after a subse- 
quent tempering or aging treatment. Nevertheless, 
if cooling from temperatures near the § transus is 
too slow, for the hardenability of the alloy used, a 
soft a-@ structure will be produced which will not 
harden on subsequent aging.** 

The quenching of parts of practical interest can 
usually be approximated by simple shapes, such as 
cylinders (rounds) and plates (or sheets) of various 
thickness and combinations of these. A standard 
that has been used extensively for comparison pur- 
poses is the center of an ideal round: a cylinder 
quenched in a medium that instantly cools its sur- 
face to room temperature.’ For steel, considerable 
practical use has been made of the Jominy-Boege- 
hold end quench hardenability specimen,” and its 
value for titanium alloys is becoming evident. It 
therefore appeared worthwhile to attempt compari- 
son of cooling conditions in titanium alloy rounds 
and plates of various sizes quenched in various 
media with cooling conditions in ideal round and 
Jominy quenches. These comparisons are based up- 
on measurements reported in the literature. 


Quenching Severity of Jominy Water Jet and of Brine 

As one starting point, there were available the 
data of Phillips and Tobin* for positions on a Jom- 
iny specimen having the same hardness as the cen- 
ters of round bars of various size quenched in 5 pct 
NaOH brine, shown in Table I. The Jominy speci- 
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Table I. Equivalence of Jominy Distance to Center of Brine 
Quenched Round* 


After Phillips and Tobin’ 


Round diam, in. V4 5% % 
Jominy distance, in. 1.6 2.0 Pepa 2.4 2.6 
16 “16 16 16 16 


* Commercial 3.5 pet Mn, 3.2 pet Al, and 0.11 pct C titanium al- 
loy, quenched from 1835°F, Based on equal hardness as-quenched 
in 5 pet NaOH brine. 


men is a round bar, normally 1 in. diam and 4 in. 
long, quenched by a water jet at one end and air 
cooled on the other surfaces.’ After quenching, 
hardness is measured vs distance from the quenched 
end on longitudinal flats ground 0.015 to 0.10 in. 
deep. The data of Table I were based on a subsized 
specimen of 34 in. diam. Since the positions tested 
are close to the jet quenched end, cooling there may 
be taken as due solely to the jet, and air cooling can 
be neglected. These positions are then equivalent to 
various locations near one surface of an 8 in. plate 
jet quenched on both sides. 

Assuming that the thermal diffusivity is constant 
and that Newton’s law of cooling holds, temperature 
vs time curves at corresponding positions in Jominy 
specimen and round bar then may be calculated for 
various assumed quenching severities of the water 
jet and of the brine. Cooling curves are generally 
taken to be metallurgically equivalent when they 
show the same time to reach a temperature halfway 
between the initial (heat treating) temperature and 
the final (quenching medium) temperature.® On 
this basis, using Russell’s tables, supplemented by 
heat flow tables derived in similar fashion by the 
author for positions near the surface of severely 
quenched plates, it was found that the experimen- 
tally observed equivalence, Table I, was _ best 
matched if the quenching severity H of the Jominy 
water jet was taken as infinite (H = o). This means 
that the jet quenched surface should be considered 
as instantly cooled to the temperature of the water 
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Fig. 1—Sizes of actual and ideal rounds haying equivalent 
cooling conditions are compared. 
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Fig. 2—Sizes of plate or sheet and ideal round haying equiva- 
lent cooling conditions are compared. 


(ideal quench). With this value for the jet, the 
ideal round size equivalent to a 2.2/16 in. Jominy 
distance was calculated, using the author’s tables, to 
be 0.631 in. As the corresponding brine quenched 
round size was measured at % in. (Table I), this 
indicates, according to the curves of Hollomon and 
Zener,” that the quenching severity H of the brine 
against titanium alloy was 8.0 in." The curves re- 
ferred to are based on equal cooling coefficient, 
which is thought to be the best basis for comparison 
of cooling curves at center positions.” 


Diffusivity 
The calculations described previously do not re- 
quire a knowledge of the thermal diffusivity a. The 
later quantity may be obtained, on the same as- 
sumptions, from Phillips and Tobin’s measurements 


Table Il. Cooling Rates at Center of 2 In. Sq Titanium Alloy Bars 
Quenched in 5 Pct NaOH Brine 


Calcu- 
lated Thermal 


Quenched Rate,* Diffusivity, Sq 

Composition From °F Rate AtCF OF per Sec In. per Sec 
3.5 pet Mn 1600 >500 >0.0090 
3.2 pct Al 1800 1400 340 0.0054 
0.11 pet C 1800 to 1200 240 0.0064 
7.9 pct Mn 1400 450 0.0076 
0.13 pet C } 1650 1200 230 0.0043 

1650 to 1200 170 0.0054 

Mean 0.006 


* Data of Phillips and Tobin.® 
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Table III. Cooling Rates at Center of Oil Quenched Titanium 
Alloy Bars and Sheet 


Calcu- 
lated 
Quench- 
Rate,* ing Se- 
mpo- uenched oF verity, 
es vio oF Size Rate At °F per Sec H,In.-1 
1450 120 1.16 
Y in. W 1400 85 0.78 
sq bar ) | 1800 to 1200 40 0.34 
3.5 pect Mn 1200 >500 
3.2 pct Al 1800 0.1 in. 1400 330 1.04 
0.11 pet C uf sheet 1800 to 1200 120 0.35 
1450 180 2.6 
Y in, 1200 70 0.76 
sq bar 1650 to 1200 BS) 0.62 
7.9 pct Mn 1650 
0.13 pet C } 0.1 in. 1200 >500 >1.9 
sheet J 1650 to 1200 180 0.48 
Geometric Mean 0.9 


* Data of Phillips and Tobin.8 


of cooling rates at the center of brine quenched % 
in. sq bars, Table II. A % in. sq bar may be con- 
sidered, for heat flow calculations, as the volume 
common to two perpendicular intersecting 1% in. 
plates. Using Russell’s tables for plates, the thermal 
diffusivity that would give the observed cooling 
rates was calculated for quenching severity H = 8.0 
in.“, with the results shown in Table II. The aver- 
age of the calculated values is 0.006 sq in. per sec. 
This may be taken as a preliminary value for the 
thermal diffusivity of 6 titanium containing some 
alloying elements in the range 1800° to 1000°F. 


Quenching Severity of Other Mediums 

Once the diffusivity is known, quenching severity 
for other mediums can be calculated from cooling 
curves. Table III shows the data for oil, leading (by 
means of Russell’s tables) to a calculated quenching 
severity H = 0.9 in.“ For air and argon, severities 
were low enough so that the cooling could be con- 
sidered exponential with time, simplifying the com- 
putations. Tables IV and V show the data, leading 
to the calculated severities of H = 0.08 in.* for air 
and H = 0.020 in.* for argon. 

By comparing the calculated severities of brine, 
oil, air, and argon with measured cooling rates for 
a Ni-Cr alloy quenched in these and other media,” ™ 
quenching severities for other media used in 
quenching titanium alloys were estimated. Table VI 
gives the results. The degree of circulation or agi- 
tation during quenching of the titanium alloys was 
not given but was probably moderate. 

Having the quenching severities, it is possible to 
find the size of the round bar quenched in a medium 
of infinite H (ideal round size) whose center cools 
at a rate equivalent to that anywhere within a sim- 
ple shape quenched in any of the media listed. 
Methods for center positions” and for other posi- 
tions’ are given in the literature... To simplify 
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application, Figs. 1 and 2 were calculated from the 
references cited and permit direct comparison of 
cooling conditions at center and surface of titanium 
alloy rounds, plates, and sheet, quenched in water 
(H =4 in, ), oil (H = 0.9 in.~), and air (H = 0.08 
in.”'), with those at the center of an ideally quenched 
(H = o) round. 


Cooling Conditions in Jominy Specimens 

Next, the positions on the end quench harden- 
ability specimen having cooling conditions equiva- 
lent (half-temperature time) to those at the center 
of ideal rounds of various sizes were calculated, 
using Russell’s tables. Water jet quenching of one 
end with H = o and air cooling of the sides and 
opposite end with H = 0.08 in.“ were considered for 
specimens 4 in. long and 1, %4, and % in. diam. 
Fig. 3 gives the results. 

From Figs. 1 through 3, the positions on 1 in. diam 
Jominy specimens having cooling conditions equiva- 
lent to those at center and surface of rounds, plates, 
and sheets quenched in water, oil, and air were ob- 
tained and are plotted in Figs. 4 and 5. 


Discussion 
The limitations of the Grossmann-Asimow ap- 
proach to equivalence of cooling conditions, as applied 
to steel, have been discussed by a number of auth- 
ors." Since the same limitations generally hold 
when the material considered is titanium alloy, they 
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need not be reviewed here. The approach, despite 
its limitations, has proved to be of value for steel. 
The scatter in the calculated quantities for brine 
and oil quenching, shown in Tables II and III, is cer- 
tainly due primarily to the assumption that the 
quenching severity is independent of temperature. 
For these media which boil during the quench, it is 
well known that there are three stages of quench- 
ing—vapor blanket, vapor transport, and liquid 


Table !¥. Cooling Rates at Center of Air Cooled Titanium Alloy 
Bars and Sheet 


Calcu- 
lated 
Quench- 
Rate,* ing Se- 
Compo- Cooled oF verity, 
sition From °F Size Rate At °F per Sec H,In,-1 
16 0.101 
Y% in. 9 0.070 
sq bar J 1800 to1200 85 0.062 
3.5 pet Mn } 40 0.108 
3.2 pet Al 1800 0.1 in. }{ 1400 27 0.084 
0.11 pet C sheet 1800 to 1200 24 0.070 
12.5 0.098 
7.9 pct Mn ; Yw% in. 12 7 0.064 
0.13 pet C 1650 sq bar it a 650 to 1200 10 0.078 
28 0.087 
0.1 in. 18 0.066 
sheet f | 1 1650 to 120024 0.066 
Mean 0.08 


* Data of Phillips and Tobin.§ 
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cooling—and the quenching severity differs from 
stage to stage." For air and argon quenches 
where there is but one stage, the scatter is much 
less, Tables IV and V. 

The thermal diffusivity found for titanium alloy 
(0.006 sq in. per sec) is somewhat lower than that 
accepted for steel (0.009 sq in. per sec). The 
quenching severities, Table VI, are about three times 
as high as those accepted for steel, under conditions 
of moderate circulation or agitation.”” While other 
factors are involved, the lower thermal conductivity 
of titanium, compared to that of iron, contributes to 
both of these differences. 

It must be recognized that the values reported 
here are of a preliminary nature, not only because 
of the inherent limitations of the method but also 
because they are based upon experiments not de- 
signed primarily to obtain such data. 


Table Y. Cooling Times for Argon Cooled Titanium Alloy Bars* 


Calculated Quenching 


Time, Min Temperature,; °C Severity, H, In.) 
1 590 0.020 
2, 450 0.021 
3 375 0.019 
3) 270 0.018 
Mean 0.020 


* 0.225 in. round bars, of several compositions, cooled from 750°C. 
+ Data of Holden, Ogden, and Jaffee. 


An experimental program aimed specifically at 
obtained diffusivity and quenching severity for ti- 
tanium alloys is certainly desirable. In the interim, 
however, it is hoped that the results given here will 
be of practical value. 

Conclusions 

On the basis of the limited experimental data in 
the literature, preliminary values have been derived 
for the thermal diffusivity of alloyed titanium under 
quenching conditions (approximately 0.006 sq in. 
per sec) and for severity of quench of this material 
in brine, water, oil, air, and argon (H = 8, 4, 0.9, 
and 0.02 in.*, respectively). The quenching severity 
of the water jet used in the end quench hardenabil- 
ity test of titanium alloys was found to be effec- 
tively infinite. 
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Medium 


20 pct NaOH (—12°C) 
Iced brine 

5 pct NaOH 

Brine 

Ice water 

Water 

Oil 

Boiling water 

Air 
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Hardenability of Titanium Alloys Calculated from Composition: 
A Preliminary Examination 
by Leonard D. Jaffe 


From data found in the literature, a method has been derived for calculating 
hardenability of titanium alloys from their composition. A single graph gives the 
contributions of each alloying element. These are simply added to a base harden- 
ability for unalloyed titanium. Results agree satisfactorily with measured harden- 


abilities. 


Ree the importance of hardenability of 
titanium alloys in permitting attainment of 
high strength and hardness has become apparent. 
If a titanium-base alloy has adequate hardenability 
for the section size and quenching practice used, it 
can generally be heat treated to high strength and 
hardness either by simple quenching or cooling from 
temperatures near the 6 transus, by quenching and 
tempering (aging), or perhaps by direct isothermal 
transformation of £."° If the hardenability is in- 
adequate, high strength cannot be attained. Pre- 
liminary charts translating hardenability require- 
ments for shapes quenched in various media into 
terms of Jominy end quenched hardenability speci- 
mens or ideal round sizes are now available for tita- 
nium alloys.* 

The method proposed in 1942 by M. A. Grossmann 
for calculating hardenability of steels from com- 
position has proved to be of great practical value.’ 
It appeared worthwhile to see whether, using infor- 
mation available in the literature, a corresponding 
method for calculating hardenability of titanium- 
base alloys could be derived. 


Data 

No systematic experimental study of the harden- 
ability of titanium-base alloys has yet been made. 
There is available, however, a considerable quan- 
tity of scattered data bearing on hardenability. Some 
investigators determined Jominy curves on one or 
several alloys. Others reported as-quenched hard- 
ness for specimens of a few alloys cooled at various 
rates or in various media. Still others gave the as- 
quenched hardness for systematically varied com- 
position, using one or several cooling mediums. 

The measurements utilized in this work were 
limited to hardness. Strength measurements were 
not used because a low strength may reflect high 
hardness combined with brittleness. Since, in gen- 
eral, the hardness of titanium alloys goes through a 
peak as the cooling rate is varied from extremely 
fast to extremely slow, the cooling conditions at 
which peak hardness was found were taken as the 
measure of hardenability.” ” 

When as-quenched hardness was found to drop as 
the content of an alloying element (believed to in- 
crease hardenability) was raised, this was taken as 
an indication that the cooling rate was faster than 
that giving peak hardness; otherwise, the hardness 
should go up because of solid solution hardening. 
Also, if the hardness increased on tempering at low 
temperatures, this was again taken to indicate that 


L. D. JAFFE, Member AIME, formerly associated with Ordnance 
Materials Research Office, Watertown Arsenal, Watertown, Mass., 
is Chief, Materials Section, Jet Propulsion Laboratory, California 
Institute of Technology, Pasadena, Calif. 

_ ‘Discussion of this paper, TP 4025E, may be sent, 2 copies, to 

AIME by Jan. 1, 1956. Manuscript, July 27, 1954. Philadelphia 
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Fig. 1—Data are shown for the effect of aluminum on hardenability 
of titanium alloys. The curve drawn is based on tabulated numeri- 
cal yalues. 


the cooling rate had been faster than that giving 
peak hardness. Many of the data did not indicate 
precisely the cooling conditions for peak hardness 
but merely set a maximum or a minimum bound, or 
a bracket. Since the sizes of specimens quenched 
and the location of the hardness readings were not 
always given, it was occasionally necessary to esti- 
mate reasonable limits for them. Only the nominal 
compositions were available in some cases. As 
quenching from below the £ transus is equivalent 
to starting with a mixture of a and 8 phases, whose 
individual composition would differ from the overall 
composition of the alloy, only measurements after 
quenches from above the £ transus were used. Hard- 
ness measurements on samples heated during metal- 
lographic mounting were also discarded. 

Because of their bulk, the data used will not be 
reproduced. They have been or will be published 
elsewhere.”™ 

Approach 

All data were first translated into terms of ideal 
round size. For conversion from Jominy or quenched 
round or sheet, the author’s graphs were used. For 
a few furnace cools or helium quenches where cool- 
ing rates were given, conversion was made on the 
basis of equal cooling coefficient.” 

Plots of ideal round size for peak hardness against 
percentage of alloying element were next made for 
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O 2 4 6 8 10 
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binary alloys of titanium with molybdenum, chro- 
mium, vanadium, iron, and manganese. Some meas- 
urements were also available for binary alloys with 
aluminum, copper, and tantalum, but since these 
set only maximum bounds for ideal round size of 
all compositions, no plots could be made. Experi- 
mental data were available on eleven ternary or 
more complex alloys containing, nominally, only 
titanium and elements covered by the plots. The 
effects of individual alloying elements, read from 
the plots, were combined both additively and multi- 
plicatively and compared with the experimental 
ideal round sizes for the eleven complex alloys. In 
these comparisons, the ideal round size for peak 
hardness in unalloyed titanium was used as an un- 
determined parameter and adjusted to provide best 
overall fit. The best fit for the additive scheme was 
obtained with an assumed ideal round size of 0.12 
in. for unalloyed titanium. For the multiplicative 
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Fig. 2—Data are shown for the effect of molybdenum on the 
hardenability of titanium alloys. 
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scheme, best fit was obtained with an assumed 0.50 
in. for unalloyed titanium. 

At best fit, the average difference between cal- 
culated and experimental ideal round size for the 
complex alloys was 19 pct for additive combination 
and 25 pct for multiplicative. Also, the measured 
ideal round size for peak hardness of unalloyed 
titanium was under 0.16 in. Assuming such a value 
for the multiplicative scheme made the calculated 
values for the alloys differ from the measured by a 
factor of three or more in many cases. Finally, the 
additive scheme is simpler to use than the multi- 
plicative. For these three reasons, attempts at de- 
riving a multiplicative scheme were abandoned and 
attention concentrated on the additive method. 

The hardenability of Ti-Al alloys was apparently 
too low to permit satisfactory measurement. The 
effect of aluminum on hardenability was therefore 
obtained from measurements on ternary alloys of 
titanium and aluminum with chromium, molyb- 
denum, vanadium, iron, manganese, tantalum, and 
columbium, in which the content of the third ele- 
ment was held constant. The results are plotted in 

Measurements on both Ti-Mo binary alloys and 
Ti-Mo-Al ternaries were then used to obtain the 
effect of molybdenum, Fig. 2. Next, the effect of 
chromium was determined from data on alloys with 
titanium, aluminum, and molybdenum, Fig. 3. The 
effects of vanadium, iron, manganese, and carbon 
were successively found in similar fashion, Figs. 4 
through 7. The few data available on nitrogen addi- 
tions led to inconclusive results for nitrogen. For 
oxygen only a single datum was found: the measured 
hardenability of a chrome-iron alloy with nominally 
0.30 pet O was 0.39 in. lower than that calculated 
for the normal sponge content of about 0.1 pct O; 
oxygen apparently lowered the hardenability about 
0.2 in. per 0.1 pet O. On this basis, the hardenability 
of unalloyed iodide titanium would be 0.2 in. as 
compared to 0.1 in. for sponge of good quality, 
which was used in preparing most of the alloys dis- 
cussed. No measurements pertaining to effect of 
hydrogen were found. 

Results 
Fig. 8 summarizes the effects of the various ele- 
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Fig. 4—Data are shown for the effect of vanadium on the harden- 
ability of titanium alloys. 
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ments investigated. The hardenability of a titanium- 
base alloy of known composition may then be found 
by adding the effects of the separate elements, as 
given in Fig. 8, to the base value for unalloyed 
titanium: 0.1 in. for sponge or 0.2 in. for iodide. 
(These base values are so small that they can often 
be neglected.) The answer will be the ideal round 
size having peak as-quenched hardness. Conversion 
to the Jominy distance at which peak hardness will 
occur may be made by a chart presented in a com- 
panion paper.® 

The validity of Fig. 8 was examined by compar- 
ing hardenability calculated for it with measured 
hardenability for all alloys for which precise hard- 
enability measurements were available (essentially, 
for which position of peak hardness on a Jominy 
bar had been determined). Table I shows the com- 
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Fig. 5—Data are shown for the effect of iron on the harden- 
ability of titanium alloys. 
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positions, Fig. 9 the results. The difference between 
calculated and measured hardenability averages 17 
pet. Part of the difference is doubtless due to error 
in the hardenability measurement; the median dif- 
ference is only 9 pct. 
Discussion 

It is interesting to note that carbon and oxygen 
lower hardenability of titanium alloys, in accord 
with reports that they accelerate isothermal de- 
composition of ~£.~™ Nitrogen, for which results 
were not obtained, probably does likewise. Although 
under equilibrium conditions aluminum stabilizes a 
at the expense of £,' it nevertheless increases hard- 
enability slightly. Vanadium also increases hard- 
enability slightly, perhaps more so than indicated 
by the curves drawn. Manganese raises harden- 
ability moderately. Chromium, molybdenum, and 
iron add greatly to hardenability. 
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Fig. 8—The effect of alloying elements upon the hardenability of 
titanium alloys is summarized. 
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Table 1. Comparison of Calculated and Measured Hardenabilities 
of Titanium-Base Alloys 


Hardenability, Ideal Round Size, In. 


Literature 
Composition, Pct Calculated Measured Reference 
7 Mo 2.6 2.4* 21 
9 Mo 4.0 4.0* 8 
7.9 Mn 1.9 1.4 16 
5.0 Cr, 2.3 Fe 2.0 1.4 8 
4.3 Mo, 3.2 Fe 2.2 2.4 8 
4.5 Mn, 0.84 Fe 0.8 0.9 8 
2.3" Mo 1.4 1.4 8 
4.9 Cr, 2.0 Mo 1.8 2.4 8 
2.0 2.0 8 
2 Mo, 2 Al 0.6 0.6 12 
6 Mo, 2 Al 2.2 2.4 12 
6 Mo, 4 Al 2.2 2.4 12 
Al 0.9 0.6 13 
4 Cr, 4 Al 1.0 0.8 13 
Al 2.1 2.5 13 


* Based on several measurements. Other values are single meas- 
urements. 


The ideal round size calculated by the method 
described is that at which the particular composi- 
tion will have peak hardness. Somewhat lower hard- 
enability may be acceptable in practice, since peak 
hardness need not always be attained. It is advis- 
able, however, to have enough hardenability so that 
hardness well above that required for service will 
be reached on quenching or on quenching and aging. 
This extra hardness is needed because overaging, 
slower cooling procedures, etc., will usually intro- 
duce some softening.” * * Hardenability correspond- 
ing to peak hardness should therefore be a good 
general guide. 

Hardenability of titanium alloys can be increased 
somewhat by quenching from below rather than 
above the 6 transus (from the a-8 range rather than 
from the all-8 range), since this practice generally 
enriches the 8 in alloying elements.” * The calcula- 
tion scheme given here refers to alloys quenched 
from the 6 transus; it might be possible to apply it 
to alloys quenched from below the transus by using, 
in calculation, the estimated composition of the 6 
phase prior to quenching. 

It is obvious that somewhat different curves could 
be drawn through the points of Figs. 1 through 7 
and that a scheme for hardenability could be better 
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Fig. 9—Calculated hardenability of titanium alloys is compared 
with good hardenability measurements. 
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based upon a direct and systematic experimental 
program. Until such a program is complete and in 
view of the satisfactory agreement shown in Fig. 8, 
it is believed that the scheme outlined may be used 
as an interim tool. Since it is empirical, it should 
not be extrapolated very far. 


Conclusions 

A preliminary method has been derived for cal- 
culating the hardenability of titanium alloys from 
their composition. It consists of adding contribu- 
tions for individual alloying elements to a base hard- 
enability for unalloyed titanium. Results are in sat- 
isfactory agreement with the good hardenability 
measurements so far reported. 


Discussion of this paper, if any, will appear in 
JOURNAL OF METALS, May 1956, and in AIME Metals 
Branch Transactions, Vol. 206, 1956. 
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Recrystallization Textures of a Cold-Rolled Aluminum 
Single Crystal 


by Y. C. Liu and W. R. Hibbard, Jr. 


An aluminum single crystal cold-rolled from (110) [112] essentially retains its 
initial orientation after 99.6 pct reduction in thickness. The orientation of the recrys- 
tallized grains of this material can be described in terms of crystallographic rota- 
tions about principal poles of deformation texture. 


URING the study of the recrystallization of a 

copper single crystal cold-rolled from a (110) 
[112] initial orientation, the orientation of the re- 
crystallized grains could be derived by a 30° rota- 
tion of the orientation of the cold-rolled matrix 
about its <111> poles.” The present investigation 
was undertaken to extend the work done on copper” 
to an aluminum crystal also cold-rolled from a (110) 


i127 initial orientation. 


Experimental Procedure 
The procedure of this experiment was similar to 
that reported for copper.* An aluminum (99.998 pct) 
single crystal rod* 11% in. in diameter was grown in 


* Kindly furnished by Dr. E. C. Burke, now with The Dow Chemi- 
cal Co. 
a thermal gradient furnace.’ A rectangular specimen 
was cut with a surface ground parallel to the (110) 
plane. After the disturbed surface was etched off in 
Tucker’s reagent, the rolling plane was about 3° 
from the (110) plane, as determined by the Laue 
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back-reflection technique.* The specimen (1.20x 
1.004x0.6787 in. thick) was then rolled along the 


[112] direction. The final thickness was 0.0028 in., 
giving a reduction in thickness of about 99.6 pet. 

Specimens were cut from the rolled strip with 
scissors, and approximately \% in. of disturbed metal 
was removed with Tucker’s reagent. The rolling 
edge remained intact. 

The specimens were sandwiched between two 
graphite plates and annealed in a lead or lead alloy 
bath which was electrically heated. Pole figures were 
constructed using the techniques previously de- 
scribed.* 

Specimens were electrolytically polished* and 
etched with 47 pct HNO, 50 pct HCl, and 3 pct of 
48 pct HF. The electrolytic polishing method and 
etching reagent employed for aluminum specimens 
were not entirely satisfactory and the microstruc- 
tures could not be studied in any detail. 


Results and Discussion 

The octahedral pole figure of cold-rolled aluminum 
strip is plotted in Fig. 1. The <111> poles spread 
in the transverse direction approximately 8° for the 
highest intensity areas. 

The spread in the transverse direction can be re- 
lated to a rotation about two <110> directions lying 
in a plane containing the rolling direction and roll- 
ing plane normal. The two <110> directions and a 
scale of rotation for the <111> poles are shown in 
Fig. 2. The amount of rotation is consistent for three 
of the four <111> poles, about 35° to 40°. The dis- 
crepancy for the fourth pole is believed to be due 
to limitations of the film technique. Alternate inter- 
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Fig. 1—Octahedral pole figure of an aluminum single crystal cold- 
rolled 99.6 pct reduction in thickness from the (110)[112] orienta- 
tion. Triangle represents octahedral poles of (110)[112] orientation. 


pretations such as 1—rotation about the rolling di- 
rection as an axis or 2—rotation about the <111> 
poles near the rolling direction as an axis result in 
larger discrepancies with the four central areas. The 
interpretation of rotation about the <110> axes fits 
the data best. 

As indicated in the investigation on copper,’ these 
two <110> poles are the slip directions with the 
highest resolved shear stress for the cold-rolling of 


a specimen with a (110) [112] orientation.’ 

The spread about these two <110> directions 
might result from the 3° deviation of the initial 
orientation of the specimen from the {110} plane. 
Lutts and Beck* report that a rolled single crystal 
would preserve its original orientation with “re- 
markably little scatter” if the initial orientation of 


Fig. 2—Octahedral pole figure, same as shown in Fig. 1 with a 
scale of rotation about dodecahedral poles 1 and 2. 
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the specimen was prepared within one degree of the 


(110) [112] orientation. 

A microstructural study of the specimen annealed 
300 sec at 300°C revealed no sign of recrystallization 
and the resultant pole figure is the same as Fig. 1. 
The reluctance of this aluminum specimen to re- 
crystallize may be attributed to the “easy” flow for 
single crystals rolled in this orientation as proposed 
in the case of copper.’ This characteristic behavior 
was also observed by Lutts and Beck.* The specimen 
which had been annealed 300 sec at 400°C was found 
to be fully recrystallized, based on microscopic ex- 
amination. 

The pole figures plotted for specimens annealed 
300 sec at 400°, 500°, and 600°C exhibit essentially 
the same general characteristics, as shown in Fig. 3, 
with only slight variations in intensity. The 30° rota- 
tions reported in the case of copper’ did not fit these 
textures. 

However, 40° rotations about the three* <1lll> 

*It should be noted that rotations about the <111> pole in the 
transverse direction are not required to rationalize the textures. 
poles (AI, AII, and AIII of Fig. 5) of the deformed 
matrix was found to develop part of the recrystal- 
lization texture (open symbols in Fig. 3). 

The 40° rotations about <111> poles of the de- 
formed structure has also been reported for the 
recrystallization of cold-rolled polycrystalline, high 
purity (99.90 pct) aluminum, and compressed com- 
mercial aluminum single crystals.” ° 

The rotations in this investigation were found to 
be unidirectional, as indicated in Fig. 5. The result- 
ing poles were found generally to satisfy most in- 
tense areas in the pole figures, but some of the denser 
regions (crosses in Figs. 3 and 5) still were not in- 
cluded. It was found that the remaining intense 
area could be included from orientations obtained by 
30° unidirectional rotations about the three <110> 
poles (A-1, A-2, and A-5) indicated in Fig. 5. 

The orientations derived from 30° rotations about 
two of the <110> poles, A-1 and A-2 of Fig. 5, were 
also used to rationalize the transverse spread in the 
deformation texture. By comparing Figs. 2 and 5, 


Fig. 3—Octahedral pole figure of aluminum specimen annealed 300 
sec at 500°C. For symbols, see Fig. 5. 
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Fig. 4—Octahedral pole figure of aluminum specimen annealed 300 
sec at 650°C. For symbols, see Fig. 5. 


it can be seen that both rotations are clockwise, in 
the manner indicated. It is suggested that the re- 
crystallized grains related to the two <110> poles 
may be obtained from material which is present in 
the spread toward the transverse direction in the 
deformation texture. 

The reason for the dodecahedral pole A-5 acting 
as an axis of rotation is not understood. This pole is 
symmetrically oriented between the other two par- 
ticipating dodecahedral poles, but the resolved shear 
stress in this direction during deformation is zero. 
However, it is possible that deformation involving 
the poles A-1 and A-2 might produce nuclei or 
growth areas, which can be related effectively to 
pole A-5, although they are actually the resultant 
of duplex deformation on the other two poles. 

Fig. 4 is the pole figure plotted for the specimen 
annealed 300 sec at 650°C. Many of the orientations 
in Fig. 3 (squares) are not found in Fig. 4, and the 
only orientations developed (circles in Figs. 3 and 
4) are those which can be related to one of three 
poles, namely, octahedral pole AIII or dodecahedral 
poles A-1 and A-2 (Fig. 5). The persistence of orien- 
tations with these poles as centers of rotation after 
high temperature annealing might be interpreted in 
terms of a high intensity of deformation on these 
planes or in these directions. This heavier deforma- 
tion might result in early nucleation and growth of 
these grains at 650°C before the other orientations 
are formed. Those orientations indicated by the en- 
circled crosses in Fig. 4 are present also in the fringe 
areas of the deformation texture and might have 
survived as a result of recrystallization in the same 
orientation and preferential growth with relation to 
the high intensity areas 30° away, previously pres- 
ent as the triangles in Figs. 1 and 3. 

Intense areas related to <111> poles derived from 
a 40° rotation about <111> pole AIV in Fig. 5 are 
missing from the pole figures in Figs. 3 and 4. The 
absence of orientations from these rotations is be- 
lieved to be associated with the fact that during roll- 
ing the resolved shear stress in this plane was zero, 
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Fig. 5—Ideal octahedral orientations resulting from the recrystalliza- 
tion rotations about poles Al, All, Alll, Al, A2, and A5. Numbers 
indicate poles of rotation (prefix A) or new orientations derived 
from these poles of rotations (no prefix). 


and thus it was probably not active in the deforma- 
tion process.* 
Summary 
1—A high purity aluminum single crystal (99.99 


pct) was cold-rolled on the (110) plane in the [112] 
direction. The resulting deformation texture showed 
that besides the retention of its original orientation, 
a spread in the transverse direction was present. 

2—Annealing at 300°C produced no evidence of 
recrystallization, indicating that the cold-rolled 
single crystal is more reluctant to recrystallize than 
comparable polycrystalline aluminum. 

3—After annealing at 400° to 600°C, the orienta- 
tions of recrystallized grains can be expressed in 
terms of rotational reorientations described as (re- 
ferring to the (110) [112] orientation): 40° uni- 
directional rotation about three of the four octa- 
hedral poles and 30° unidirectional rotation about 
three dodecahedral poles. 

4—Only three of the seven orientations resulting 
from the foregoing rotations are present after re- 
crystallization at 650°C. 


Discussion of this paper, if any, will appear in 
JOURNAL OF METALS, May 1956, and in AIME Metals 
Branch Transactions, Vol. 206, 1956. 
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Cleavage Steps on Zinc Monocrystals: Their Origins 
And Patterns 


by John J. Gilman 


Examination showed that characteristic cleavage step patterns are observed on 
the cleavage surfaces of undeformed, slipped, bent, twinned, compressed, and in- 
dented zinc crystals; and the effect of temperature is discussed. Dimples were seen 
to produce cleavage steps in a treelike pattern in otherwise undeformed crystals. 
The steps seem to originate when cracks intersect screw dislocations. 


T has been known for a long time that the path of 
fracture in polycrystals may be discontinuous (see 
Jaffe, Reed, and Mann* for review). Recently, Kies, 
Sullivan, and Irwin’ have proposed, and given evi- 
dence, that crack propagation is discontinuous within 
individual crystals as well. Other evidence has been 
given by Low.’ 

When discontinuous cracks within a crystal join 
together to make a macrocrack, the lamellae be- 
tween each set of two cracks are torn somewhere, 
forming small cliffs. These cliffs appear as lines 
when the cleavage surface is observed microscop- 
ically.* ° The lines have been called vein, tree, and 
riverlike markings by various authors, and they 
have sometimes been mistaken for fisswres.? The de- 
scriptive term cleavage steps is used in this paper. 

Cleavage steps vary in height over a wide range 
of values, from molecular dimensions® to 104 and 
larger. Kies, Sullivan, and Irwin,’ as well as George,’ 
have shown that the gross cleavage step patterns 
for plastics, polycrystalline metals, and for mono- 
crystals are sometimes similar. Thus, they depend 
mostly on the mechanical variables that prevail 
during cleavage and are relatively insensitive to the 
structure of the material. For example, parabolic 
markings” ” * sometimes result when cracks open up 
ahead of, and not coplanar with, the main crack front. 
If the advance crack has the same velocity as the 
main crack, their intersection line is a parabola, 
otherwise it is a hyperbola or an ellipse.” The pat- 
terns are strongly affected by differences in crack 
velocities. This results in chevron patterns which 
point to the place of origin of the main crack. 

It is the purpose of this paper to demonstrate the 
existence of a mechanism of cleavage step formation 
which is a continuous rather than a discontinuous 
process. Also, certain characteristic step patterns 
are described, and the strong effect of temperature 
is shown. 
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The specimens were zinc monocrystals (grown 
trom 99.999+ pct pure metal). These were cleaved 
at room temperature and at —196°C. 


Results and Discussion 

Cleavage step patterns are highly variable from 
point to point on a given specimen, as well as from 
one specimen to another. Although the patterns 
shown in the photographs are typical, they have 
been selected for graphic illustration. 

Figs. la and 1b compare undeformed crystals that 
were cleaved at —196°C and room temperature, re- 
spectively. Cleavage at room temperature (Fig. 1b) 
resulted in a higher density of high steps (dark 
black lines) and enhanced the visibility of the fine 
background markings. 

Deformation by simple slip caused no marked 
change in the step patterns until the glide strain 
reached about 1.0. But, as Fig. le shows, the density 
of high cleavage steps was greatly increased by 
large glide strains. Corrugations lying perpendicular 
to the slip direction may also be seen in Fig. Ic. 
These are caused by deformation bands. The cleav- 
age resistance of the crystal of Fig. 1c was very high 
compared to undeformed crystals (estimated by the 
force on a needle required for cleavage). 

Striking and varied cleavage step patterns were 
observed on bent crystals. Two characteristic pat- 
terns that were observed on crystals bent at 25°C, 
and cleaved by reverse bending at —196°C, are 
shown in Figs. 2a and 2b. The first, Fig. 2a, consists 
of V-shaped lines similar to the parabolas of other 
materials.” " Fig. 2b shows a pattern that is the 
equivalent of Fig. la, consisting of faint background 
lines with a few higher step markings. Cleavage of 
bent crystals at room temperature resulted in Figs. 
2c and 2d. Now, the cleavage step lines show a 
strong tendency to follow one of two perpendicular 
paths. In Fig. 2c (bent once), many of the cleavage 
step components that lie parallel to the bend axis 
are assembled into irregular lines. In Fig. 2d (bent 
twice), the cleavage steps again tend to consist of 
two perpendicular components, but neither of the 
components is assembled into lines. Also, the step 
density is higher. 
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Fig. 1—Micrographs show cleayage steps _ 
on specimens both undeformed or deformed 
by simple slip. X100. Area reduced ap- 
proximately 30 pct for reproduction. 


a—Cleavage face 


resulted b—This cleavage face resulted c—Cleavage face 
when as-grown zinc crystal 
was cleaved at —196°C. 


of zinc 
when as-grown zinc crystal was crystal cleaved at —196°C 
cleayed at room temperature. with ~ 2.4 tensile glide strain; 
The arrow indicates the direc- the slip direction was vertical. 
The crack originated off the 
upper right-hand corner of 
the photograph. 


tion of crack motion. 


a—Cleavage surface shown is that 
of a crystal which was bent at room 
temperature and then cleaved by re- 
verse bending at —196°C. The ra- 
dius of curvature was 2.2 mm. The 


arrow indicates the direction of 


crack motion. 


b—The cleavage surface 
and treatment were simi- 
lar to those for the crys- 
tal shown in a, but a 
different crystal was 
used. The radius of 
curyature was 6.9 mm. 


c—Cleavage surface shown is that 
of a crystal which was bent at room 
temperature and then cleaved by 
reverse bending at room tempera- 
ture. The arrow indicates the di- 
rection of crack motion. 


d—Cleavage surface shown is that 
of a crystal which was bent, unbent, 
and bent at room temperature; then 
it was cleaved at room temperature. 
The arrow indicates the direction 
of crack motion. 


Fig. 2—Cleayage steps shown were observed on specimens deformed by bend gliding. The bed axis was vertical for all the figures and the 


close-packed direction was horizontal. a, c, and d: X100; b: X50. Area reduced approximately 30 pct for reproduction. 


Fig. 3 shows the myriad of steps found on the 
cleavage plane of twin bands. The crystal (x = 0°, 
h» = 0°) had been loaded in tension. At 5.7 kg per 
sq mm, it twinned and almost simultaneously cleaved 
through the twins. 

Compression parallel to the cleavage planes also 
produced an alteration in the step markings (Fig. 
4). The compression resulted in a high density of 
wiggly step lines as shown in the photograph and 
inereased the crystal’s cleavage resistance. 

Torsional strain about the hexagonal axis caused 
no characteristic change in the cleavage steps of 
otherwise undeformed crystals. It is not known, 
however, whether cleavage occurred along active 
slip planes. 

Figs. 5a and 5b show cleavage step patterns that 
formed at dimples produced by indentation normal 
to the cleavage plane.” These specimens were cleaved 
immediately after indentation. Annealing prior to 
cleavage (5 min at 350°C) markedly reduced the 
numbers of fine branches in the trees, although the 
dimples remained present (Fig. 5c). 

An important result that may be deduced from 
Fig. 5 is that cleavage steps sometimes originate at 
screw dislocations. Fig. 6 shows how a plane crack 
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Fig. 3—Cleayage steps on the 
basal planes of twins are shown. 
The crystal was loaded in tension 
at room temperature until it 
twinned and then cleayed on the 
basal planes of the twin, X100. 
Area reduced approximately 30 pct 
for reproduction. 


that intersects a screw dislocation becomes jogged 
and leaves a cleavage step behind it. It is believed 
that a crack, upon contacting screw dislocations 
lying in a dimple, breaks up into segments lying on 
various planes. As the segmented crack moves, its 
many elementary steps join together, forming larger 
steps until a few very large steps remain at the far 
side of the dimple. Probably only the larger steps 
are visible. 
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Fig. 4—Cleavage steps after com- 
pression parallel to cleavage planes 
are shown. The specimen was 
compressed ~ 1 pct parallel to the 
arrow and the close-packed direc- 
tion. The stress was ~ 10 kg per 
© sq mm, and the specimen was 
cleaved at —196°C. The arrow in- 
dicates the direction of crack mo- 
tion. X100. Area reduced approxi- 
mately 30 pct for reproduction. 


The union of two elementary steps yields a higher 
step only if the elementary steps have the same sign. 
Otherwise, partial or total annihilation occurs. A 
striking case of step annihilation is shown in Fig. 5b. 
Here almost the entire step pattern disappeared 
when the crack left the dimple. Thus, the numbers 
of positive and negative screw dislocations that 
were intersected must have been about equal. This 
formed two large steps of opposite sign which an- 
nihilated at the V in the figure (oblique illumina- 
tion verified that the steps had opposite signs). 

Additional evidence of the foregoing mechanism 
was obtained as follows: One end of a crystal was 
twisted at 25°C. The axis of twisting was parallel 
to the specimen axis and lay in the basal plane 


parallel to a [1210] direction. The specimen was 
cleaved on the basal plane at —196°C, starting from 
the untwisted end. As the crack entered the twisted 
end of the crystal, many steps appeared gradually 
on the cleavage surface. 

It is concluded that cleavage steps in zinc, as well 
as in other crystals, originate in at least two ways: 
The first is the discontinuous mechanism,’ and the 
second is the screw dislocation mechanism being dis- 
cussed here. 

The reason why cleavage steps of opposite sign 
annihilate one another is that free surfaces are 
thereby eliminated. The attractive forces that cause 
this would be difficult to determine analytically, but 
they are readily demonstrated in an analogy: Two 
adjacent cuts in a foil will run together and anni- 
hilate if the tab between them is pulled. Contem- 


a—Crystal with a 


screw dislocation is Wa 
shown before cleay- 
DISLOCATION 
S 
b—Cleavage has be- 
gun in the crystal. 
RACK 
cl 
TEP 
c—Lower portion of ! 
the crystal is shown ! \ 


Fig. 6—Three schematic diagrams illustrate the sequence in the 
production of a cleayage step when a crack crosses a screw dis- 
location. 


plation of this analogy shows how the attraction 
between the cuts arises. 

On the other hand, when two steps of the same 
sign unite, only an edge is eliminated. Therefore, 
attractive forces between two steps of the same sign 
are probably small, and they unite only when the 
geometry of the advancing crack front causes them 
to meet. Hence, in Fig. 1b, the steps run parallel 
over large distances, whereas near the dimples of 
Fig. 5 the steps run together. 

The effect of prestrain on step density (Fig. 1c) 
is believed to result from screw dislocations intro- 
duced during the prestrain. The well known effects 
of prestrain and temperature on fracture stress are 
believed to result in part from the effects of these 
variables on step densities. The steps increase the 
effective surface energy of a crack and thereby in- 
crease the stress needed to make it grow. 


Summary 


Characteristic cleavage step patterns that are ob- 
served on the cleavage surfaces of undeformed, 


Fig. 5—Cleavage steps at the dimples 
caused by punching are shown. a: X50; 
b and c: X100. Area reduced approxi- 
mately 30 pct for reproduction. 


a—Cleavage surface is that of 
a specimen punched normal to 
the basal plane and _ then 
cleaved at —196°C. The ar- 
row indicates the direction of 
crack motion. 


b—Cleayage surface and con- 
ditions of treatment were simi- 
lar to those for the crystal 
shown in a, but a different 
crystal was used. The arrow 
indicates the direction of crack 
motion. 
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c—Cleavage surface is that of 
a crystal specimen punched 
normal to the basal plane and 
then heated 5 min at 350°C, 
and then cleaved at —196°C. 
The arrow indicates the direc- 
tion of crack motion. 
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slipped, bent, twinned, compressed, and indented 
zinc crystals were presented. The effect of tempera- 
ture was also shown. 

Dimples, in otherwise undeformed crystals, pro- 
duce cleavage steps in a treelike pattern. It is be- 
heved that the steps originate when cracks inter- 
sect screw dislocations. 


Discussion of this paper, if any, will appear in 
JOURNAL OF METALS, May 1956, and in AIME Metals 
Branch Transactions, Vol. 206, 1956. 
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Manganese Modification of the Fe-S-O System 


by D. C. Hilty and Walter Crafts 


DISCUSSION, C. B. Post and J. V. Russell, Chairmen 


John Chipman (Massachusetts Institute of Tech- 
nology, Cambridge, Mass.)—After looking over the 
authors’ shoulders for several years and after many 
discussions on the interesting diagrams of the types 
shown, it is a pleasure to see a formal paper pub- 
lished on this subject. There can be no doubt of the 
practical usefulness of the concepts shown. Inclusion 
formation in steel is such a highly complex matter that 
any system for understanding the subject is bound to 
be welcomed by those who must work with steels and 
who see in their day-to-day experience the good and 
evil effects of inclusions. 

A feature of the work with which the discusser has 
been concerned, and which he would now like to at- 
tempt to explain, is the relation between the schematic 
diagrams which the authors use and the phase dia- 
grams for related systems. Obviously, the authors’ 
diagrams are in no sense complete phase diagrams. 
However, there is a relation between this type of dia- 
gram and the true phase diagram, and the understand- 
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ing of this relation ought to help in understanding the 
general picture which the authors are presenting. 

Consider the authors’ Fig. 4, which shows the liqui- 
dus relations in the Fe-Mn-S-O system. To show the 
complete relations between temperature and composi- 
tion in these four ternary systems would require four 
triangular prisms, the vertical axes of which would 
represent temperature. The four triangles of Fig. 4 
represent basal projections of certain lines from the 
four prismatic phase diagrams. Readers of the paper 
are all more or less acquainted with this type of pro- 
jection and its usefulness and limitations are generally 
understood. 

In order to concentrate on the interesting parts and 
to minimize the less interesting features, the composi- 
tion scale may be shifted to de-emphasize regions con- 
taining gaseous sulphur and oxygen. Such a diagram 
is shown in Fig. 16, which is a distorted version of the 
authors’ Fig. 4. Here the oxide of iron is wustite, de- 
noted by W, and it is to be noted that between W and 
MnO lies the entire MnO-FeO “binary” system. Sim- 
ilarly, between MnS and FeS lies another binary whose 
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Mn 


Fig. 16—Diagram of the liquidus relations in the Fe-MnS-O 
system (Fig. 4) has been modified so that regions containing 
gaseous sulphur and oxygen have been de-emphasized. 


phase diagram would be almost invisible on the scale 
to which it has been reduced. 

Now to take this distortion one step further: Move 
both the MnS and the FeS out to the point S. The in- 
vestigator can no longer distinguish between MnS and 
FeS but the binary system is still there and must not 
be overlooked in the next step. Similarly, between 
wustite and MnO there is a binary system which must 
not be forgotten but which is represented entirely at 
one point in the diagram aid called simply “oxide.” 
The lines showing the phase fields of the three exter- 
nal systems are distortions of those shown in the 
authors’ Fig. 4. However, the central triangle now re- 
quires different treatment. The original Fe-S-O dia- 
gram must be erased and in its place something else 
substituted. 

To fill the temporarily vacant central triangle, one 
proceeds as follows: Fold the three external triangles 
along the edges of the internal triangle, making a 
tetrahedron with manganese at the top. The space 
within this tetrahedron is now filled by a complex 
of lines representing intersections of various phase 
regions. Certain features within this complex are of 
especial interest and it can at least be imagined how 
they would look if data were available for their con- 
struction. For example, four ternary eutectics might 
be expected to be found in this system. One of these is 


Mn OXIDE Mn 


SULPHIDE 


Mn 


Fig. 17—Schematic Fe(Mn)-S-O diagram has been slightly 
modified to show the existence of one more of the ternary 
eutectics. 
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undoubtedly close to the manganese apex of the tetra- 
hedron as the authors have pointed out. The others 
may be expected to be somewhat closer to the binary 
eutectics which are known. 

To project these features upon the temporarily va- 


‘cant triangle, imagine a point source of light at the 


apex of the tetrahedron and let it cast shadows on the 
base. The investigator must select now from the mul- 
tiplicity of shadows those features in which he is par- 
ticularly interested from the standpoint of the prob- 
lem in hand, and he must mark these out upon the 
basal triangle. This is essentially what the authors’ 
diagram amounts to. It is shown as the central triangle 
of Fig. 17, slightly modified to show the existence of 
one more of the ternary eutectics, but otherwise iden- 
tical with the authors’ Fig. 6. 

Nev A. Gokcen (Michigan College of Mining and 
Technology, Houghton, Mich.)—Eq. 1 on p. 960 is an 
approximate form of the following relationship” 


—AF° = RTInN =—AH, +TAS,, [4] 
where AS,, = —AH,,/T,, and therefore 
RT lInN=AS,, (T—T,,). [5] 


When the difference between T and T,, is small, the 
following approximation, hence Eq. 1, is valid 


Since T,, is considerably larger than T for the case 
considered by the authors, Eq. 1 is not applicable. 
Their Eqs. 2 and 3 should therefore be replaced by 


4.575T log N = 6 (T—2058) [6] 
4.575T log (1-N) = 6 (T—1893). [7] 


Simultaneous solution of these equations yields N = 
0.422 (37.3 pet) and 1601°K (1328°C) rather than the 
authors’ values of 40 pet and 1230°C, respectively. 

It should be emphasized that entropies of fusion of 
sulphides and oxides of the same metal may differ con- 
siderably. For example,”™ AS,, is 4.6 for the com- 
pound FeO and 3.4 for FeS, AS,, is 1.99 for ZnO and 
4.74 for ZnS, and ASm is 8.9 for CuexO and 3.9 for Cuzs. 
Hence, the assumption that the entropies of MnO and 
MnS are equal is, at best, a rough approximation for 
the present purpose. A difference of two in the values 
of entropies would yield considerably different results 
in these calculations. 

The most important source of error in the applica- 
tion of Eq. 4 is, however, the deviation from ideal be- 
havior. It is rather impossible to expect ideality in 
the vicinity of N = 0.5 in a eutectic system. It can be 
shown by calculation that for each component a devia- 
tion of 0.2 in the activity ccefficient of unity for an 
ideal system would change the eutectic temperature 
nearly 100°C. 

Actually, there is no necessity in this case for such 
calculations by the application of an equation which is 
not expected to yield reliable results in the absence of 
thermodynamic data, since Andrew, Maddocks, and 
Fowler“ have obtained a phase diagram for the MnO- 
MnsS system and found that the eutectic occurs at 50 
pet and 1280°C. Thus, the authors’ preference of their 
incorrect calculations of the eutectic point over the 
experimental results of Andrew et al.‘ is without jus- 
tification. 

D. C. Hilty (authors’ reply)—The authors are in- 
debted to Professor Chipman for his contribution to- 
ward clarification of the rather complex visualization 
process by which Fig. 6 may be obtained. With certain 
modifications, the authors derived Fig. 6 very much as 
he has described. 

It is agreed that there are four ternary eutectics in 
this system, namely: 1—metal-oxide-MnS, 2—metal- 
oxide-FeS, 3—metal-MnS-FeS, and 4—oxide-MnS-FeS. 
Only three of these are shown in Fig. 4 and in Dr. 
Chipman’s Fig. 16. The fourth; the oxide-MnS-FeS eu- 
tectic, lies in the plane through the MnO-FeO-FeS-MnS 
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points of the tetrahedron formed by folding the ex- 
ternal triangles of Fig. 4 along the edges of the inter- 
nal triangle. In Fig. 6 and Dr. Chipman’s Fig. 17, there- 
fore, it will fall on the oxide-sulphide side of the metal- 
oxide-sulphide diagram. Since it is not encountered in 
compositions in equilibrium with metal, its presence 
has not been indicated. In reality, the broken line in- 
itiating from the oxide-sulphide side of the internal 
triangle in Fig. 17 represents this eutectic. Conse- 
quently, the eutectic suggested by the intersection of 
the broken lines in this triangle is actually the qua- 
ternary eutectic. Obviously, the difficulties of repre- 
senting this quaternary eutectic so that it can be read- 
ily visualized are manifold. 

N. A. Gokcen is correct with regard to the specific 
applicability of Eq. 1 in relation to the one he proposes. 
As was pointed out in the paper, however, and as has 


been re-emphasized by Gokcen, the other uncertainties 
involved are such that either calculation gives merely 
a rough approximation of the MnS-MnO eutectic. For 
the authors’ purpose, on the other hand, a rough ap- 
proximation is entirely adequate for development of 
the qualitative diagram and the different results of the 
two calculations are relatively unimportant in that 
they cause no significant change in the qualitative dia- 
grams of Figs. 3, 4, and 6. It is enough that the uncer- 
tain diagram of Andrew, Maddocks, and Fowler, Gok- 
cen’s equation, and the authors’ approximation give 
order of magnitude agreement on this minor point. 


19S. Glasstone: Thermodynamics for Chemists. (1947) p. 340. New 
York. D. Van Nostrand Co. 

20 Rossini et al.: Selected Values of Chemical Thermodynamic 
Properties. Circular 500 National Bureau of Standards (1952). 

21K, K. Kelley: Heats of Fusion of Inorganic Substances. Bulletin 
393 U. S. Dept. of Interior, Bureau of Mines (1936). 


Slag-Metal-Graphite Reactions and the Activity of Silica in 


Lime-Alumina-Silica Slags 


by James C. Fulton and John Chipman 


DISCUSSION, Gerhard Derge and John F. Elliott, 
Chairmen 


R. C. Shnay (Dept. of Mines and Technical Surveys, 
Ottawa, Ont., Canada)—The statistical methods used 
by Prof. Chipman and Dr. Fulton to estimate the ac- 
curacy of their chemical analysis results, p. 1138, ap- 
pear open to question. The definition of standard de- 
viation is given by the authors as 


V3 — 2)? 
= 


n 


where x: is the differences between pairs, a5 is the 
average difference, and n is the number of pairs. This 
definition should actually be given as 


VE (xs — 
JN 
where , is the mean of the whole population and N is 
the total number of individuals in the population. 

The standard deviation is a population parameter 
and the population mean must be known to compute 
this parameter. This is very seldom possible, since the 
whole population must be measured before the mean yp 


can be computed. Therefore, in order to compute con- 
fidence intervals or test hypotheses, the function 


— 

must be used. 


In this case, » is replaced by its estimate x and s is 
in turn an estimate of the standard deviation. 

The difference between population parameters and 
the estimates calculated from samples can best be 
illustrated in the following way: 

To find the average height » of all men in North 
America, all the men could be measured. Since this is 
obviously impractical, a sample, e.g., 1000 men, could 
be measured. The average height x of the 1000 in this 
sample can then be used to estimate the average height 
of the male population of North America. The stand- 
ard deviation of this population, if desired, can be es- 
timated by means of the quantity 


2x)? 
SS 
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where x; is the height of the individuals in the sample 
and n is the sample size, 1000. 

In the paper under discussion, the population could 
be said to consist of the differences between all possible 
pairs that can be taken from the material. If all the 
possible pairs had been taken and analyzed, the neces- 
sary information would be obtained and the accuracy 
would not need to be estimated by means of confidence 
intervals. Obviously, this could not be done and the 
pairs are really a sample of the whole population. 

Confidence intervals are computed from samples in 
order to define the degree of uncertainty involved in 
the estimate of the population mean. To define a con- 
fidence interval for the mean of a normally distributed 
population, the following quantity is used 


This quantity is distributed by the Student’s t dis- 
tribution. The tabulated values are substituted for f, 


leaving » the only unknown. For example, a 90 pct 
confidence interval is defined by 


t= 


Since the accuracy of the sample mean (as an esti- 
mate of the population mean) increases with the sam- 
ple size, the t distribution approaches the normal dis- 
tribution as the sample size approaches infinity. In 
other words, for tables of the normal distribution to be 
used in defining a confidence interval, a very large 
sample must be taken. In the paper under discussion, 
the authors have used tables of the normal distribu- 
tion. The factor two which was used to multiply the 
quantity o (as defined in the paper) is too small. The 
error in this case is greatest when only a small num- 
ber of pairs were taken. 

The aggregate effect of these errors is all in one 
direction. The estimates of error are too low. Even 
had the statistical analysis been carried out correctly, 
the procedure of taking duplicates only for master 
slags or where the first value appeared to be in error is 
questionable. It is difficult to justify any general con- 
clusions on this basis. 

Since all the necessary data do not appear to have 
been given, revised values for the confidence intervals 
cannot be computed. In any case, it seems doubtful 
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that the objections raised in this discussion invalidate 
the general conclusions reached by the authors. How- 
ever, revised calculations of the confidence intervals 
would give a better idea of the extent of sampling or 
analytical errors and thus of the precision of the ex- 
periment as a whole. 

James C. Fulton and John Chipman (authors’ reply) 
—Mr. Shnay has focused attention on the statistical 
methods used by the authors. First, it should be point- 
ed out that there was a typographical error in the 
original manuscript of the paper. In the definition of 
a sample o, repeated by Mr. Shnay from the paper, the 
square root sign over the nm in the denominator was 
omitted in manuscript. 

Mr. Shnay has suggested that confidence limits be 


Table X. Values of x -++ 2¢ and x + ts 


x + 
a, Mean 95 Pet 
n, No.of Differ- on = Confidence 

Variable Pairs ence Sample x+ 20 Interval 
SiOz 94 0.25 0.16 0.57 0.25+0.03 
CaO 35 0.27 0.18 0.63 0.270.06 
10 pet AlsOz 19 0.18 0.14 0.46 0.18+0.07 
20 pet AlsOz 45 0.51 0.34 1.19 0.51+0.10 
0 to 8 pet Si 6 0.02 0.02 0.06 0.02+0.02 
8 to 15 pct Si 13 0.10 0.08 0.26 0.10-+0.05 
15 to 24 pet Si 28 0.23 0.19 0.61 0.230.08 


set on the universe mean using an estimate of o of the 
universe based upon sample values. This approach to 
the problem is usual procedure when it is desirable to 
work with confidence limits on the mean. However, in 
the authors’ paper, an attempt was made to set tol- 
erance limits on the population, which is a problem in 
individual values rather than mean values. 

Table X shows a tabulation of data for the terms 


x for individual values and x ts, for mean 


values. The values of x + 20 were calculated by the 
method outlined on p. 1139 of the paper. The values 


of x + ts, were calculated according to the interval 


— to.os <2 to.25 


as suggested by Mr. Shnay. It is the use of x + 20 that 
has been questioned. 

It is quite unlikely that the individual differences are 
normally distributed. A histogram of 94 samples for 
SiO. indicates a skew parent population. Under these 
conditions, a different function should be applied. Such 
refinement of the statistical analysis would be beyond 
the scope of the paper. However, assuming that the 
parent population has a unimodal distribution as sug- 
gested by the histogram, an inequality of the Camp- 
Meidell type could be used. 


Oxygen Solubility and Oxide Phases in the Fe-Cr-O System 


by D. C. Hilty, W. D. Forgeng, and R. L. Folkman 


DISCUSSION, Gerhard Derge and R. D. Hindson, 
Chairmen 


Nev A. Gokcen (Michigan College of Mining and 
Technology, Houghton, Mich.)—The authors have at- 
tempted to identify the phases in equilibrium with 
liquid metal by making the false assumption that (p. 
255) “. . . with sufficiently rapid cooling the primary 
inclusions are representative of the oxide phases in 
equilibrium with the metal at the time the solidifica- 
tion begins.” It is illogical to consider that the inclu- 
sions represent equilibrium phases, since they are 
formed under a nonequilibrium condition created by 
supercooling. In addition, this assumption may readily 
be disproved by experimental observations as follows: 
1—The inclusions in open hearth steels are certainly 
not representative of the slags with which the metal 
may be brought into equilibrium under laboratory 
conditions. 2—This discusser has examined inclusions 
in pure iron equilibrated with only silica, under care- 
fully controlled atmospheres of H2O and Hs mixtures 
at 1600°C, and found that the primary inclusions range 
progressively from grayish FeO inclusions to dark sili- 
cate and then to transparent silica inclusions as the 
silicon content of the metal increases from 0.006 to 6 
pet, or as the oxygen content decreases from 0.07 to 
0.002 pct, respectively. Thus, the composition of inclu- 
sions depends, among other factors, upon the degree of 
supersaturation with cooling and the concentration of 
the precipitating substances. 3—Pure liquid iron at 
1550°C containing up to 0.2 pct O in inert crucibles, 
such as BeO and MgO, precipitates out wustite inclu- 
sions no matter how fast the metal is cooled. It is ob- 
vious that these inclusions do not indicate that the 
metal was in equilibrium with wustite, since below the 
saturation concentration, i.e., 0.2 pet O, wistite is not 
present with liquid iron. Consequently, the contention 
that the authors have established slag phases and their 
composition in equilibrium with liquid metal must be 
rejected until conclusive and careful data on slag spec- 
imens are available. 

It is stated qualitatively and loosely that (p. 259) 
“In general, X-ray diffraction examination of the pre- 
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viously mentioned slag samples confirmed the results 
of the inclusion examination with regard to existence, 
regions of stability, and disproportionating character- 
istics of the various oxide phases.” Yet rigorous mi- 
croscopical and chemical evidence with slag samples 
covering the entire range is not presented except the 
data on the low chromium range reported in Table 
VIII. The authors have never observed Cr;O; in slag 
samples cooled in argon stream by contending that the 
argon atmosphere was oxidizing for the slag. If argon 
was slightly oxidizing, it could have been purified, or a 
large slag sample could have been taken to minimize 
errors from oxidation. The resulting slag samples, 
analyzed chemically, would then have provided evi- 
dence whether or not the formula Cr;O, fits its compo- 
sition. Accordingly, the existence of Cr;O., claimed to 
be stable at high temperatures, requires further con- 
clusive experimental investigations. 

It is reported on pp. 260 and 261 that 1 to 2 hr after 
adding ferric oxide and chromium certain four runs 
still yielded excessively irregular results similar to the 
ones plotted in Fig. 1. This was attributed to a vague 
and inconceivable. “persistent extra-equilibrium” con- 
dition and the four runs were therefore omitted arbi- 
trarily from Table VI. The term “extra-equilibrium” 
is foreign to thermodynamics and must simply be re- 
jected. The question arises then as to which set of 
their data truly represents equilibrium conditions in 
the absence of experimental evidence. 

The establishment of dips and breaks in Fig. 12 
would require data with less than +3 pet scattering 
which is impossible to attain in high temperature re- 
search at present. Certainly the data semilogarithmi- 
cally represented in Fig. 10, even after rejecting the 
so-called “extra equilibrium” runs, deviate several 
times more than +3 pct and therefore do not justify 
the dips and breaks. Further, it is necessary that on 
the dotted lines, which are the loci of breaks in the 
isothermal equilibrium lines, two slag phases must be 
in equilibrium with liquid metal. This was not estab- 
lished by the examination of slag samples. 

Finally, interpretation of data presented herein is 


TRANSACTIONS AIME 


entirely in disagreement with the more careful investi- 
gation of Chen and Chipman.’ 

J. C. Fulton (Allegheny Ludlum Steel Corp., Brack- 
enridge, Pa.)—The authors are to be congratulated on 
their exhaustive study and lucid discussion of the Fe- 
Cr-O system. These data resolve some of the questions 
that remained unanswered from previous investiga- 
tions of this subject. X-ray measurement of oxide 
structures and the construction of a phase diagram 
help to establish a fundamental background with 
which stainless steel producers can apply these solu- 
bility data to steelmaking problems. 

The identification of a distorted spinel and Cr,O, 
should abbreviate much of the work in evaluating in- 
clusions found in commercially pure chromium alloys. 
It would appear that the characteristic metallic par- 
ticles formed upon disproportionation of Cr;O: could 
be used for routine identification of this particular 
type of inclusion. 

The chronological outline of the paper was used to 
advantage in explaining the scatter of their early data 
due to supersaturation with oxygen. Mere mentioning 
of this observation could not have brought out their 
point nearly as well as does Fig. 13 on p. 265. These 
results emphasize the important role of temperature 
in controlling oxygen content. 

An interesting commercial application of these data 
is readily visualized for straight chromium steels con- 
taining more than 10 pet Cr, the minimum in the oxy- 
gen solubility curves. At chromium concentrations 
above this value, iron acts as a deoxidizer, as was 
mentioned in connection with Fig. 14. A means of tak- 
ing advantage of this result is to adjust the chromium 
content of the bath, so that at the end of the slag 
reduction period it contains somewhat less than the 
desired tap analysis. That is, for a final analysis of 17 
pet (type 430), the preliminary should be 12 to 14 pct. 
In this way, the oxygen activity will be maintained at 
a higher level and the oxygen solubility at a lower 
level. throughout the reduction period than as if all 
chromium were initially present. These two factors 
should improve the elimination of oxygen from the 
bath during the reduction period. 

A further advantage of this procedure is that the late 
addition of chromium to meet the specification acts as 
a cooling agent late in the melting cycle. This cooling 
in the presence of the proper concentration of manga- 
nese and silicon aids in the formation of fluid deoxida- 
tion products which can coalesce into large enough 
particle size to rise to the slag. 

As with most modifications of melting practices, 
when certain features are stressed too heavily, other 
compensating factors appear. There is a tendency for 
furnace time to increase and, of course, much of the 
success of the process depends upon the cleanliness of 
the late ferroalloy addition. 

Allegheny Ludlum has found that this procedure 
leads to better strip surface with respect to lines pro- 
duced by inclusions in the steel breaking through the 
surface when rolling to thin sections. The use of the 
low chromium preliminary procedure has shown an 
improvement on not only straight chromium but also 
Cr-Ni steels. With the variation in facilities and end 
product that exists between shops, this practice would 
necessarily require evaluation prior to its adoption. 

C. E. Sims (Battelle Memorial Institute, Columbus, 
Ohio)—This excellent work, painstakingly done, ad- 
vances the understanding of oxygen relations to mol- 
ten ferrous alloys another step. Of particular interest 
is the oxide phases found to be in equilibrium with the 
molten Fe-Cr alloys. Previously, there was consider- 
able circumstantial evidence to indicate that the lower 
oxygen oxides are the likely phases to be in equilib- 
rium with molten metals, but concrete evidence was 
lacking except for a few cases. It is known, for in- 
stance, that wiistite is in equilibrium with oxygen- 
saturated molten iron and it is the oxide phase which 
precipitates from iron. During cooling it tends to dis- 
proportionate into iron and Fe:O,. 
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The close proximity of a refractory oxide with a 
molten alloy does not guarantee equilibrium even after 
some period without change. An Fe-Cr alloy melted in 
a crucible of Cr.O:, for example, may not actually con- 
tact the Cr.O; but be separated by a thin layer of lower 
oxide which is in equilibrium with the metal. The 
scale on heated iron is mostly Fe,O,, but on the outside, 
in contact with air, there is a thin layer of Fe,O:, while 
inside where it contacts the base is a layer of wiistite. 
On the other hand, it seems axiomatic that a material 
precipitated from solution is in equilibrium with the 
solution at the precipitation instant. The precipitated 
phase, of course, may be unstable and change later. 

The evidence is convincing that the oxide in equilib- 
rium with the Fe-Cr-O system of high chromium con- 
tent is Cr;O.. If this be so and the analogy of the Fe-O 
system is considered, might there be a similar condi- 
tion in other systems such as the Fe-Si-O and Fe-Al-O 
systems, if these are inspected closely enough? 

D. C. Hilty, W. D. Forgeng, and R. L. Folkman 
(authors’ reply)—The authors are compelled to dis- 
agree categorically with most of Professor Gokcen’s 
comments. With regard to his concluding statement 
that the interpretation of the data is in entire dis- 
agreement with the earlier investigation of Chen and 
Chipman, reference should be made to oral comments 
by Prof. Chipman at the time this paper was presented 
and to Professor Chipman’s recent publication“ in 
which he took the opportunity to re-examine the Chen 
and Chipman work and bring it into complete accord 
with the present authors’ results. 

The method employed to identify the oxide phases 
in equilibrium with the metal at the time solidifica- 
tion began has become normal procedure in high 
temperature phase-equilibria studies. It has been de- 
scribed by Howe” and Tammann™ among others and 
has been successfully applied by numerous investiga- 
tors both in this country and abroad. Short of direct 
observation at the high temperatures involved, it seems 
entirely logical to have recourse to this well known 
technique of microscopic examination of specimens 
rapidly cooled from those temperatures. While admit- 
tedly indirect, the information derived by such a tech- 
nique has proved indispensable in establishing the 
upper regions of phase diagrams which otherwise can 
be estimated only on the basis of thermodynamic cal- 
culations predicated on purely arbitrary assumptions 
of the phases present. 

The breaks in the oxygen solubility curves were 
confirmed by the observations of different nonmetallic 
phases on either side of the breaks. The curves cannot 
be constructed in any other way without compromis- 
ing the data. 

With respect to the statement, “the authors have 
never observed Cr;O, in slag samples... ,” they have, 
in fact, made numerous observations of the presence 
of Cr;O; in slags from high chromium melts and regret 
that the contrary was erroneously inferred. 
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Fig. 20—Curves and data points show chromium and silicon 
contents of liquid Fe-Cr-Si alloys in the presence of both 
chromium oxide slags and silica. 
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Fig. 21—Diagram shows the effect of sufficient silicon to pro- 
duce saturation with silica on the oxygen solubility in the 
Fe-Cr-O system. 


The authors appreciate Professor Gokcen’s criticisms, 
even though they have recorded extensive disagree- 
ment with them. It is recognized that this disagree- 
ment may stem from a fundamental difference in 
viewpoint in the respective approaches to the physical 
aspects of problems in physical chemistry. In the field 
of process metallurgy, the strictly thermodynamical 
approach sometimes prefers to describe the state of a 
system in terms of numerical constants without regard 
to the physical natures of the phases present. This 
approach can be quite useful provided it does not ig- 
nore the existence of specific physical entities that can 
be readily seen and recognized. On the other hand, a 
purely physical approach that disregards the basic 
concepts of thermodynamics can also lead to erroneous 
interpretations. It is only by combination of empirical 
observations and theoretical considerations that phase 
relations in complex systems can be rationalized. This 
latter course is particularly essential for understanding 
the mechanism of inclusion formation in alloy systems 
and is the one the authors have followed. 


Dr. Fulton’s remarks on this paper are most gratify- 
ing. The authors are especially pleased that immediate 
commercial application of their data was forthcoming. 
They suggest, however, that practical application of 
these fundamental results to the production of stain- 
less steels be approached cautiously. The data should 
be directly applicable at the end of the oxidizing pe- 
riod in stainless steel heats, but other elements, such 
as silicon, manganese, etc., that are normally present 
during the slag reduction and finishing stages may fur- 
ther complicate matters, especially with regard to in- 
clusion evaluation. 

An indication of the influence of silicon is given by 
Figs. 20 and 21, derived from observations of Fe-Cr-O 
alloys melted in silica crucibles. Fig. 20 shows the 
chromium and silicon contents of liquid metal satu- 
rated with both chromium oxide-rich slag and silica, 
and Fig. 21 illustrates a preliminary evaluation of the 
effect of these conditions on oxygen solubility. It can 
be inferred from these diagrams that silicon may sub- 
stantially modify the composition and structure of the 
oxide phases—and therefore the inclusions—but the 
specific nature of such modification must be established 
by further investigation. 

The authors thank Mr. Sims for his interest and his 
helpful comment. Coming from one who has had a 
major interest in this and similar problems for so 
many years, his remarks are especially significant. The 
question of conditions analogous to those the authors 
have described in the paper existing in other systems 
such as Fe-Si-O and Fe-AI-O is an interesting one upon 
which to speculate. Certainly the understanding of 
these systems is incomplete, and the existence of such 
conditions would help to explain some of the anom- 
alous behavior frequently observed. Since the authors 
can do no more than speculate on this possibility, how- 
ever, they will reserve judgment until tangible evi- 
dence is developed. 


14 J. Chipman: Atomic Interaction in Molten Alloy Steels. Journal 
Iron and Steel Inst., London (1955) 180, No. 2, pp. 97-106. 

1° H. M. Howe: The Metatlography of Steel and Cast Iron. (1916) 
p. 202. New York. McGraw-Hill Book Co. Inc. 

146G. Tammann: Lehrbuch Der Metallographie. 
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Equilibrium Pressure Measurements Above ZnS from 680° to 825°C 


by C. Law McCabe 


DISCUSSION, T. B. King and H. H. Kellogg, Chairmen 
Philipp Gross (Fulmer Research Institute Ltd., Stoke 
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Poges, England)—As pointed out by the author, any 
better agreement between experimental and calculated 
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values cannot possibly be expected; the results must 
therefore be interpreted as practically complete disso- 
ciation of ZnS vapor. 

In the experiments with graphite addition, the reac- 
tion rate was too low to give any effects. If reaction of 
any sulphide with added graphite occurs, effusion ex- 
periments can be interpreted only if equilibrium inside 
the vessel is established. In this case, the weight loss 
will always be changed by graphite addition. In the 
case of true evaporation, the vapor pressure is not af- 
fected; but by the establishment of the heterogeneous 
equilibrium between solid metal sulphide and graphite, 
formation and evaporation of metal and carbon sul- 
phide will occur and increase the weight loss. In the 
case of sulphide dissociation, the apparent evaporation 
will be repressed by the metal vapor resulting from the 
reaction with graphite but, owing to this reaction, the 
total weight loss will increase. If, however, two solid 
sulphides are used simultaneously, of which one or 
both do not dissociate, the result for each of the effus- 
ing metal sulphides is independent of the presence of 
the other and the total weight loss equals the sum of 
the single values. If the sulphides both dissociate, they 
influence each other, the total weight loss being smaller 
than the sum of the single values, and if one of the 


sulphides has a decidedly greater dissociation pressure 
than the other, it very much depresses effusion of the 
latter. 

Experiments in which the effused vapor is absorbed 
or condensed and analysed are much more likely to 
have decisive results than simple weight loss experi- 
ments. In every particular case, the effect can easily 
be calculated on exactly the same basis which the dis- 
cusser adopted for the calculation of the dissociation 
pressure of ZnS, i.e., thermodynamic equilibrium inside 
the effusion vessel in which the gas mixture is, in gen- 
eral, not of stoichiometric composition and effusion 
from the vessel in stoichiometric proportions. 


Note: on p. 971 of the paper under discussion, Dr. Philipp Gross’ 
name was misspelled. 


C. Law McCabe (author’s reply)—The remarks by 
Dr. Gross are correct. His suggestion to study the effu- 
sion rate of two solid sulphides together and to com- 
pare it to the sum of the effusion rate for each individ- 
ual sulphide has merit and should be tried. The use 
of carbon as an aid to species determination is limited 
not only by the point brought out in the paper, the 
slow rate of formation of the appropriate carbon sul- 
phide, but also by the point raised by Dr. Gross. 


lonic Nature of Liquid Iron-Silicate Slags 


by M. T. Simnad, G. Derge, and |. George 


DISCUSSION, R. Schuhmann, Jr. and D. J. Girardi, 
Chairmen 


Dr. W. A. Fischer (Max-Planck-Institut, Diisseldorf, 
Germany )—The discusser has read with great interest 
the paper by Simnad, Derge, and George. Inasmuch as 
their conclusions agree quite well with those of F. 
Sauerwald and G. Neuendorff in 1925* and those of 
W. Geller” in 1940, the authors’ attention is called to 
these earlier papers. 

Tryggve Baak (Royal Institute of Technology, Stock- 
holm, Sweden)—The authors are to be congratulated 
for having tackled such a difficult work as measure- 
ments of current efficiency in melts of the FeO-SiO. 
system. The method used is extremely practical and 
can without doubt be applied to other silicate melts. 

The discusser would like to call attention to a paper 
by Esin and Schurygin” who have worked on the same 
system and have found values in agreement with those 
in the paper. The only significant difference is related 
to pure iron oxide melts (FeO+Fe,O,), where values 
up to 33 pct current efficiency have been reached. 

In a study of the degree of ionic conductance in fay- 
alite melts,“ the discusser has found 98 pct ionic con- 
ductance which can, in practice, be put equal to 100 
pet, since in the computations the iron has been con- 
sidered as ferrous. 

Concerning the measurements of transport numbers, 
it must be emphasized, however, that the method used 
will not give transport numbers. The reason is obvious 
and the authors are referred to an analogous experi- 
ment, which was performed by Schwartz” who was 
able to show that it is impossible to determine trans- 
port numbers in ionic melts in this way. Furthermore, 
Jost” discussed this problem and stated that, in melts 
of this type, there are not, unlike solids and liquid SO- 
lutions, any frame of reference to which changes in 
concentration can be referred. After electrolysis, there 
are no observable changes due to the existence of 
transference numbers, differing for the different types 
of ions. If a frame of reference is introduced, artifi- 
cially, by the choice of suitable electrodes, the apparent 
transport numbers are directly influenced, the numbers 
being calculated with respect to this frame of reference. 

To this must be added that under special circum- 
stances? it is possible to create a frame of reference. 
When the material being used is Co,SiO: and a small 


TRANSACTIONS AIME 


quantity of CoO is added, then the oxide can be used 
as a frame of reference. Of course, this method may be 
applied to other orthosilicates. 

This discussion will in no way deny that the Fe” ions 
are the main carrier of the current which can be con- 
cluded already, from a geometric point of view, because 
of the sizes of the ions. It is intended that the discus- 
sion only draw attention to some minor points in a 
very able work. 


M. Simnad, G. Derge, and I. George (authors’ reply) 
—The work reported in the two papers referred to by 
Dr. Fischer was not very extensive but the conclusions 
agree with some of the authors’. 

Dr. Baak has raised several interesting points. It is 
satisfying to learn that his results on the degree of 
ionic conductance in fayalite melts confirm the high 
degree of ionization which the authors have observed. 
His comments on the transport number measurements 
would have been valid for a fayalite melt where the 
composition 2FeO-SiO. corresponds to that of the 
anodic reaction product, namely 


SiO, + 4e > SiO. + O, 
2Fe 2FeO 
SiO, + 2FeO > 2FeO-SiO:; (fayalite). 


In the authors’ experiments on transport number 
measurements, the melt was always saturated with 
silica at 1400°C and had a composition of 60 pct FeO 
and 40 pct SiO., whereas the FeO content of fayalite is 
70 pet. Hence, FeO can be used as a frame of refer- 
ence, just as Dr. Baak has skillfully used CoO in 
2CoO-SiO.z for the same purpose. Additional experi- 
ments are in progress in order to demonstrate this 
more conclusively. 

The authors have also measured the mobility of Fe** 
ions in these melts by employing radioactive iron 
anodes. The results prove quite definitely that the Fe** 
ions migrate with a high mobility. 


18F, Sauerwald and G. Neuendorff: Ztsch. fiir Elektrochemie 
(1925) 31, p. 643. 

19 W. Geller: Ztsch. fiir Elektrochemie (1940) 46, p. 277. 

20, A. Esin and P. M. Schurygin: Doklady Akad. Nauk, SSSR 
(1954) 94, p. 1145. 

217, Baak: Acta Chem. Scandinavica (1954) 8, p. 166. 

22K. G. Schwartz: Ztsch. fiir Elektrochemie (1939) 45, p. 740. 

2 W. Jost: Diffusion in Solids, Liquids, and Gases. (1952) p. 466. 
New York. Academic Press. 
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oF MEtTAts, May 1955, p. 675) 


Chicago Meeting, November 1954 
Stress-Strain Characteristics and Slip-Band Formation in Metal Crystals: Effect of Crystal Orientation 
(paper by F. D. Rosi. JOURNAL OF METALS, September 1954, p. 1009) 
Viscosity and Density of Liquid Lead-Tin and Antimony-Cadmium Alloys (paper by H. J. Fisher and 
A. Phillips. JoURNAL OF METALS, September 1954, p. 1060) 
Some Characteristics of the Isothermal Martensitic Transformation (paper by C. H. Shih, B. L. Aver- 
bach, and M. Cohen. JouRNAL oF METats, January 1955, p. 183) 


Chicago Meeting, February 1955 
Vanadium-Zirconium Alloy System (paper by J. T. Williams. JouRNAL oF METALS, February 1955, p. 345) 
Magnesium-Rich Corner of the Magnesium-Lithium-Aluminum System (paper by J. A. Rowland, Jr., C. 
E. Armantrout, and D. F. Walsh. JouRNAL oF METALS, February 1955, p. 355) 
Effect of Zinc Content on the Rolling Texture and Annealing Texture of Alpha Brass (paper by A. Mer- 
lini and P. A. Beck. JOURNAL OF METALS, February 1955, p. 385) 
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lization (paper by Y. C. Liu and W. R. Hibbard, Jr. JourNaL oF METALS, February 1955, p. 381)............ 
Preferred Orientations in Beta-Annealed Zirconium (paper by J. H. Keeler and A. H. Geisler. JOURNAL OF 
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A Study of the Microstructure of Titanium Carbide (paper by H. Blumenthal and R. Silverman. JoURNAL 
oF METALS, February 1955, p. 317) 


* TP 4100E. 


Effect of the Structure of Dislocation Boundaries on Yield Strength 
by Jack Washburn 
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P. L. Pratt (University of Birmingham, Birmingham, 
England)—The author has measured the hardening 
effect of isolated edge and screw dislocation boundaries 
in a remarkably elegant manner, and he proposes that 
the detailed structure of the boundary determines its 
effectiveness as a barrier to slip although “there are 
still unknown details of the distribution which may be 
extremely important.” On p. 678 the author states 
“that for a good crystal (one having a yield of about 30 
psi) a change in annealing temperature from 300° to 
400°C resulted in a negligible shift in the level of the 
stress-strain curve.” Is this in agreement with the re- 
sults of the earlier paper by Li, Washburn, and Parker* 
in which such a change of temperature produced not- 
able hardening in crystals with a yield of about 30 psi? 
Or were these earlier crystals, of the same nominal 
purity, less perfect than those used in this work? 

The experiment illustrated in Fig. 15, p. 681, shows 
that the boundary has sharpened after annealing at 
400°C, the temperature at which the hardening effect 
first becomes apparent. Did the author verify that no 
sharpening of the boundary occurred at, say, 300°C 
where no hardening was found? This would seem to be 
an important check on the proposed mechanism, es- 
pecially since zine of this purity should polygonize at 
temperatures well below 400°C within the annealing 
times used here. There seem to be at least two alter- 
native explanations which could fit these facts: 

1—The boundary may sharpen at 300°C or even 
lower temperatures but be unable to contribute greatly 
to the hardening until jogged by thermal vacancies and 
other impurity atoms after 400°C anneal. This mechan- 
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ism, discussed in the earlier paper,® is believed to ac- 
count for the thermal hardening observed by Blank* 
in NaCl, as stated elsewhere,” and by results from re- 
cent experiments which tend to confirm this view. 

2—The dislocations in the diffuse boundary may be 
locked by impurity atoms at 300°C and thus only 
sharpen the boundary at 400°C with the aid of thermal 
vacancies. In this case it would be difficult to dis- 
tinguish between the two sources of hardening (sharp- 
ening or jogging), using metal of this purity. 

Jack Washburn (author’s reply)—The author wishes 
to thank Dr. Pratt for his discussion. In connection with 
his first comment, it should be pointed out that the 
temperature of testing in the present series of experi- 
ments was —196°C, whereas, in the earlier experiments 
he referred to,° it was 20°C. Therefore, the yield values 
should not be directly compared. It is likely that the 
crystals used in the present work were initially more 
perfect macroscopically than the large shear specimens 
used previously. The small size of the test section in the 
kink specimens made it possible to select regions of the 
large crystals, from which they were acid-cut, that 
were free of observable small angle boundaries. The 
sharpening of a microscopically diffuse boundary such 
as that in Fig. 15 begins in zine of this purity well be- 
low 300°C. However, it is probably not justified to con- 
clude that because a boundary looks sharp under the 
microscope it has attained the ideal structure. The 
author agrees with Dr. Pratt that jogging of disloca- 
tion lines is one of the structural features of a small 
angle boundary that should be important in determin- 
ing its strengthening effect. More detailed information 
concerning the changes in boundary structure as a 
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function of annealing time and temperature is neces- 
sary before it will be possible to say what structural 
change is most important. 


WF Blank: Ztsch. fiir Physik (1930) 51, p. 727. 
By W. Cahn: Ref. 22. Supplemento al Nuovo Cimento (1953) 19, 
p. 


Stress-Strain Characteristics and Slip-Band Formation in Metal Crystals: 


Effect of Crystal Orientation 
by F. D. Rosi 


DISCUSSION, W. A. Backofen and W. M. Baldwin, 
Chairmen 


Bernard Jaoul (Centre de Recherches Métallurgi- 
ques, Ecole des Mines, Paris, France)—Experiments on 
single crystals of aluminum (99.99 pct purity) and 
aluminum alloys (0.2 pct Si or 0.4 or 1.0 pet Cu) of 
varying orientation lead to the following results which 
are slightly different from those presented by Dr. Rosi: 

1—A\ll the stress-strain curves, including the curves 
obtained with those crystals which have their axes on 
the zone [100]-[111] or close to the [100] or [111] 
directions, have a first plastic stage where concavity is 
turned upward. However, the extent of stage I becomes 
very small when two slip systems occur; see Fig. 24. It 
must be noted that a very small amount of deformation 
during the handling of the specimens makes the easy 
glide disappear if this easy glide is limited. 

2—A continuous photographic recording of the 
curves permits a very fine observation of their shape. 
Fig. 25 shows that the curves could be separated into 
two types from their behavior patterns at the beginning 
of straining. These types are: A—curves showing a 
yield point even in pure aluminum, a type of behavior 
that is general for the crystals that are strained with- 
out kink bands; and B—curves showing no yield point, 
a behavior that occurs when the glide is only on one 
plane and when kink bands occur. This type of curve 
becomes very rare when the aluminum is alloyed. 

3—With aluminum, a parabolic hardening but no 
linear strain hardening occurred after the easy glide. 
The inflection point was taken as the limit of stage I. 
This limit is always at the same shear stress (Fig. 24) 
but the shear strain varies within very large limits, 
from 1.4 to 8 pct in pure aluminum. This variation de- 
pends only on the importance of the second slip system 
or of bands of secondary slip. Qualitative observations 
of the deformation microstructure seem to show that 
the relative importance of the two slip systems remains 
constant during the straining. For the orientations 
where kink bands occur—close to [110]—tthe initial 
shape of the curves seems to indicate that these kink 
bands are formed at the beginning of deformation. 

4—As in silver and copper, the impurities in alumi- 
num increase stage I by a large amount. This is shown 
in Table VIII where the values are within an accuracy 
of +10 g per sq mm for t and +30 g per sq mm for 
ti, except for some anomalies, especially near [111] 
and [100]. 

5—The uniform shape of the curve that was obtained 
leads to the following considerations: The increase of 
hardening seems to be related only to the importance 
of the second slip system and, thus, to the number of 


Table VIII. Data on the Shear Stress ys Shear Strain Curves 


T0,* G G Vist 

per Sq Mm per Sq Mm n Pet 

99.99 pct Al 85 250 40 5.0 
Al-0.2 pet Si 180 480 6 10.2 
Al-0.4 pet Cu 210 680 20 9.8 
Al-1.0 pet Cu 390 1220 3 20.5 


* ro is the mean critical elastic shear stress. __ 
+7; is the shear stress at the inflection point averaged over n 


curves. 
t+ yi is the shear strain (extent of stage I) for a common orienta- 


tion: x = 42° and , = 44 
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intersecting dislocations forming jogs or sessile disloca- 
tions. These faults in the structure can stop the prog- 
ress of the dislocation loops from the sources. The 
number of such barriers should increase with deforma- 
tion; and the faster the increase, the greater becomes 
the importance of the second system. With such an 
hypothesis, the shape of stage I of the shear stress (1) 
vs shear strain (y) curve can be represented by a uni- 
form logarithmic formula 
) 
m2 


where C is the work hardening in stage I (C = ti — w). 

This relation fits the experimental results very well, 
whatever may be the orientation of the crystal. 

Then Schmid and Boas’ law can be extended to the 
plastic range in the following way: The shear stress 
corresponding to a given fraction of the shear strain 
at the inflection points is independent of the orienta- 
tion, except for the crystals near [111] or [100]. 

6—This relation is valid up to a critical shear stress 
ti where the internal stresses are such that the disloca- 
tions can proceed across the barriers. This critical 
shear stress is much smaller in aluminum than in cop- 
per and silver, as can be seen by comparing Dr. Rosi’s 
curves and those in Fig. 24. The smaller critical shear 
stress for aluminum may be due to the fact that the 
barriers are less stable in aluminum.” 

The mechanism at the end of stage I does not in- 
clude a phenomenon of diffusion of impurities. Al-0.4 
pct Cu specimens were strained at various rates (from 
0.005 to 50 pct per min). The yield point was changed 
but the value of the shear stress t; remained the same: 
ti = 680+10 g per sq mm. This leads to the belief that 
the microstructure of deformation has to change with 
purity—the number of barriers has to be smaller when 
the metal is less pure. Perhaps the amount of fine slip 
seen by D. Kuhlmann Wilsdorf on pure aluminum is 
smaller when the amount of impurities increases, so 
that the number of barriers decreases. 

A comparable mechanism has been found in poly- 
crystals,” but it is less clear because partly hidden 
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Fig. 24— Plot of 
shear stress ys * 
shear strain curves 
for 99.99 pct Al 300 
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Fig. 25 — Recorded 
stress-strain curves b 
for 99.99 pct Al have 
been reproduced to 
show the two types: 
a—those with a yield 
point and b—those 
without a yield point. 
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by the hardening due to boundaries. However, from a 
scrutiny of the curves, a change of curvature has been 
found at a critical strain that has been called transition 
point. The corresponding strain e, increases when the 
amount of impurities increases, as in the single crys- 
tals, following the relation 


where x is the atomic concentration.” For the strain e 


in polycrystals, something breaks down within the metal 
which allows the deformation to proceed, using a 
smaller rate of hardening. It seems that the pheno- 
menon is the same as in single crystals. 


3 A, Seeger and G. Schéck: Acta Metallurgica (1953) 1, No. 5, 
p. 519. : 

36 C, Crussard and B. Jaoul: Révue de Métallurgie (1950) 47, No. 
8, p. 589. 

37B. Jaoul: Publication Scientifique et Technique du Ministére de 
VAir Paris (1954) No. 290. 


Viscosity and Density of Liquid Lead-Tin and Antimony-Cadmium Alloys 
by H. J. Fisher and A. Phillips 


DISCUSSION, Howard Scott and Paul Gordon, 
Chairmen 


Paul G. Bastien and M. Darmony (Ecole Centrale des 
Arts et Manufactures, Paris, France)—The discussers 
have studied with much interest the excellent experi- 
mental work of the authors on viscosity and density of 
liquid Pb-Sn and Sb-Cd alloys. 

Since the discussers are conducting research on the 
viscosity and castability of alloys, they would like to 
propose the following: 

Pure Metals: The measure of viscosity y by means of 
the damping of an oscillating vessel containing the 
liquid, suspended from a torsion wire, has been carried 
on either 1—by the use of a hollow sphere” or 2—by 
the use of a hollow cylinder.® * * * * 

In another way, some workers have experi- 
mented with the Margules-Couette’s design, in which a 
cylinder moves in a uniform rotation around a second 
coaxial cylinder suspended from a torsion wire. The 
torsion deviation a measures the viscosity n of the 
liquid between the two cylinders. 

Until now, there was a disagreement between the 
methods using a sphere and those using a cylinder. 

The curve log yn vs 1/T was a straight line even in the 
vicinity of the freezing point when a sphere was em- 
ployed; while, in the case of a cylinder, a deviation 
from the linear rule was noticed in a range of a few 
°C’s above the freezing point. This deviation suggested 
the existence of an unstable crystalline structure in the 
liquid phase near the freezing point. The results of 
Fisher and Phillips and those of Gebhardt and his re- 
search group, with an oscillating cylinder, confirm the 
validity of the linear rule down to solidification. 

Therefore, it is permissible to think, along with 
some authors,” that the deviations from the linear rule 
are results of imperfections of the tests, i.e., impurities 
of the liquid studied, temperature gradients, etc. 

Alloys: The results obtained by Fisher and Phillips 
contradict those of Jones and Bartlett. For the former 
authors, the alloys have not any appreciable variation 
in the limit of solid solubility (except, perhaps, to 1°C 
above the liquidus); whereas, for the latter authors, 
there is a maximum of viscosity for the same concentra- 
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Fig. 18-——Diagram shows that castability varies inversely with 
the interval of solidification for antimony and lead. 
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Fig. 19—Castability-composition curves of Portevin and Bastien 
for the Sb-Cd system show that there is little interdependence 
between viscosity and castability when compared with the 
viscosity-composition curves of Fisher and Phillips. 


tion. Accordingly, it seems that it is now too early to 
decide in favor of the rule relating the viscosity of an 
alloy and its equilibrium diagram. 

The authors of the paper gave the results of experi- 
ments carried on at 1°C above the liquidus. Therefore, 
this supposes a good knowledge of the curves of the 
equilibrium diagram to an accuracy of about 1°C. The 
discussers would be particularly interested to know if 
the authors have recently plotted, with a better ac- 
curacy, the equilibrium diagram of the materials 
studied; and, in this case, they would be very grateful 
to have an estimate of the precision of their methods 
of plotting. 

Viscosity and Castability: The influence of the com- 
position on the viscosity allows a useful comparison be- 
tween the viscosity n as an elementary physical prop- 
erty and the castability A which is a complex property 
of foundry, depending, too, on other elementary 
factors (factors depending on the metal, factors relat- 
ing to the mold and the contact between the mold and 
the casting, factors defining the casting conditions, etc.). 

One of the discussers,” after systematic study with 
Portevin, has established the rules that relate the cast- 
ability to the equilibrium diagram. He concluded that 
castability varied inversely with the interval of solidi- 
fication, shown in Fig. 18, and he thought that the 
castability was nearly independent of viscosity. 

A comparison between the viscosity-composition 
curves shown by Fisher and Phillips and the cast- 
ability-composition curves of Portevin and Bastien for 
the Sb-Cd system, Fig. 19, shows that there is little 
interdependence between viscosity and castability. 

In the particular case of the compound SbCd, a maxi- 
mum of » would be accompanied logically by a mini- 
mum of A, if the castability was principally dependent 
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on 9, which is not true. On the contrary, Fig. 19 shows 
that a very pronounced maximum of castability corres- 
ponds to this definite compound. 

Therefore, it is not possible to explain the sudden in- 
crease of castability near the eutectic and the definite 
compound as a function of viscosity. 

H. J. Fisher and A. Phillips (authors’ reply)—The 
precision of the potentiometer used in determining the 
liquidus temperature was 0.1 uv. The degree of uncer- 
tainty of the calibrated Pt—Pt-Rh thermocouple used 
was well within the order of +0.5°C. U. S. Bureau of 
Standards calibration metals were checked to within 
+0.2°C of their rated melting points. 

Study of the physical properties of liquid metals and 
the fundamental factors influencing liquid metal flow 
has admitted applied and theoretical interest. It is, 
however, still difficult to establish a direct correlation 
between the viscosity, which is a specific physical 
property of a metal, and its castability, which is a com- 
plex function of many not easily controlled or evalu- 
ated factors such as: 1—latent heat effects, 2—surface 
tension at the metal/mold interface, 3—rate of heat 
abstraction, 4—variation of thermal conductivity of the 
alloy with composition, 5—restraining influence of the 
solidifying metal on flow through the channel, and 6— 
degree of supercooling possible with certain metals, 
e.g., antimony. 

Even if the authors disregard all the foregoing in- 
fluences except that from the latent heat of fusion of 
the SbCd compound, calculation* indicates that a rela- 
tively large temperature increase is possible in the 
liquid alloy immediately in the vicinity of the alloy 
undergoing freezing. This would prolong the time avail- 


able for the liquid alloy to remain fluid and give rise to 
a relatively greater castability in comparison to that of 
the antimony or the cadmium. 

On a weight basis, it can be shown that the heat 
released during freezing of 1 g of the SbCd alloy is 
sufficient to raise the temperature of 1 g of liquid alloy 
by approximately 410°C. Thus, on a relative basis, 1 g 
of the SbCd alloy on freezing releases enough heat to 
raise the temperature of 1 g of adjacent liquid SbCd 
alloy approximately 116°C higher than would be 1 g of 
liquid antimony or 240°C higher than 1 g of liquid 
cadmium. 

The latent heat of fusion, Lsica, of the intermetallic 
compound SbCd can be well approximated from the 
following expression 


Lsvoa = (X (Lea) + y(Ls») — AHsnca) cal per gram-atom 


where x and y are mol fractions of cadmium and anti- 
mony, respectively; Lea is the latent heat of fusion of 
cadmium and Ls, is the latent heat of fusion of anti- 
mony, both in cal per gram-atom; and AH sca is the heat 
of formation of SbCd, —1800 cal per gram-atom.” 


41E. N. de C. Andrade and Y. S. Chiong: Proceedings Physical 
Soc. (1936) 48, p. 247. 

42E. N. de C. Andrade and E. R. Dobbs: Proceedings Royal Soc. 
(1952) 211A, p. 12. 

43-Y. S. Chiong: Proceedings Royal Soc. (1936) 15%, p. 264. 

44 E. Gebhardt and G. Wormag: Ztsch. fiir Metallkunde (1951) 42, 
p. 353; (1952) 43, No. 4, p. 106. 

45 E. Gebhardt, M. Becker, and E. Tragner: Ztsch. fiir Metallkunde 
(1953) 44, No. 8, p. 379. 

46B. R. T. Frost: Progress in Metal Physics. (1954) V, p. 102. 
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Some Characteristics of the Isothermal Martensitic Transformation 
by C. H. Shih, B. L. Averbach, and Morris Cohen 


DISCUSSION, E. S. Machlin and J. K. Stanley, 
Chairmen 


D. Turnbull (General Electric Co., Schenectady)— 
The discusser has analyzed some of the authors’ iso- 
therms in order to discover how well they can be 
described by an analytical relation of the form 


x = at” [3] 


where x is the volume fraction of the specimen trans- 
formed to martensite, t is the time, a is a temperature- 
dependent constant, and n is a constant—possibly tem- 
perature independent. Eq. 3 is the limiting form, for 
x0, of the more general relation 


x = x.[1—exp (—bt”) ] [4] 


where «x, is the limiting volume fraction of the specimen 
that transforms to martensite by a single mechanism 
and a = bx,. It seems likely that the formation of iso- 
thermal martensite is complicated in the later stages by 
secondary processes, and also the decrease in size of 
martensite crystals due to “partitioning” becomes more 
important as the reaction progresses.” Therefore, the 
interpretation of the dependence of x on time may be 
less complicated the smaller is x. 

The dependence of log x on log t for the various iso- 
therms included in the insert of the authors’ Fig. 1 is 
shown in Figs. 8 and 9. The coordinates of the plotted 
points were calculated from x = f(t) readings obtained 
from a X4 enlargement of the insert. When x = 0.03, the 
relation between log x and log t is approximately 
linear, in agreement with Eq. 3. The best values of n 
are indicated in the figures and range between 2.3 and 
3.0, there being no marked trend with temperature. For 
x > 0.03, the transformation rates at a given tempera- 
ture decrease more rapidly with increasing x than de- 
manded by either Eqs. 3 or 4 with a single n value (to 
test Eq. 4, x, was set equal to 0.25 to 0.30). 
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Thus, as x > 0, n appears to have a limiting value be- 
tween 2 and 3 but nearer to 3. However, the experi- 
mental error is relatively large for small values of x 
and it is likely that the uncertainty in n is of the order 
of % unit. Further, a particular analytical relation be- 
tween x and t does not by itself establish a unique in- 
terpretation of the kinetic process. 

However, a plausible interpretation of the kinetics 
that is consistent with the observed x = f(t) relation 
and that can be tested by microstructural observations 
will be suggested. Suppose that transformation starts 
at a number N per unit volume of sites that are pri- 
mary nuclei immediately upon the establishment of 
the transformation temperature and that N is not 
affected by time at this temperature. An initial marten- 
site crystal disturbs, perhaps by plastic deformation, a 
volume surrounding it. Secondary sites within this 
disturbed’ volume are now promoted to martensite 
nuclei but an average time t must elapse before a site 
within a disturbed region becomes a nucleus. Thus a 
disturbed zone may propagate from the center of a 
primary nucleus with a velocity, a. New martensite 
crystals nucleate at the periphery of the zone and thus 
sustain its continued propagation. This phenomenon 
would be quite like the “burst” phenomenon reported 
for Fe-Ni alloys but with a much greater time constant 
for the individual events constituting the burst. If this 
picture is correct, isolated colonies of martensite crys- 
tals should be observed to grow (via the formation of 
new crystals at their periphery) and finally impinge 
upon one another. 

Assuming that a colony is spherical in shape, its 
volume v after a time t should be 


Vv = X1(4r/3) a® [5] 


and correcting for impingement as in the treatment of 
Johnson and Mehl," an expression relating the marten- 
site fraction, x, to t is obtained that is formally identi- 
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cal with Eq. 4 with 
b = (4/3) aNa* [6] 


n= 3.0. [7] 


The meaning of a is more clearly indicated by the ex- 
pression 
= PUVo(A/t) [8] 


where p is the number of secondary sites per unit 
volume, v is the increase in volume of the disturbed 
zone due to formation of one martensite crystal, A is the 
mean spacing of martensite crystals within a colony, 
and +t is the mean time for formation of a martensite 
crystal within a disturbed region. 

The fact that n is usually less than three and tends to 
decrease as the transformation progresses might be ac- 
counted for if there is a spectrum of time constants for 
the secondary sites (as the authors have suggested for 
the primary sites). Also, if the concentration of pre- 
ferred sites were greater near the surface, it would 
follow that impingement would be complete at the sur- 
face sooner than throughout the volume. Thus, the 
transformation rate would be less than predicted by 
Eq. 4. In the event that all the preferred sites are in 
the vicinity of the surface, dx/dt should decrease con- 
tinually ‘after surface impingement. Thus Cech and 
Hollomon’s results can be accounted for if it is assumed 
that at the start of their measurements the specimen 
was encased by a thin surface shell in which impinge- 
ment of martensite colonies was complete and if this 
shell then grew inward without the nucleation of any 
additional primary sites in the interior of the specimen. 

The discusser would like to have the authors’ opinion 
on whether or not the interpretation that he has sug- 
gested is consistent with the microstructural changes 
that accompany the transformation. 

There is strong evidence from other investigations 
(e.g., Machlin and Cohen”) that martensite nuclei form, 
in bulk specimens at least, at preferred sites. However, 
the fact that the authors’ energy of nucleation, AF., is 
smaller than the values calculated from Fisher’s analy- 
sis is irrelevant to the question of preferred nucleation, 
since AF, (or ni) is a disposable parameter in the 
authors’ treatment. In fact, general nucleation would 
be at least as important as singularity nucleation in the 
authors’ experiments unless the free energy barrier 
to general nucleation is substantially larger than the 
10 to 27 kcal per gram-atom that they calculate. 

It is not clear whether the authors intend to imply 
(see point 4 of their summary) that preferred site 
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Fig. 8—Dependence of log x on log t for the various isotherms 
included in the insert of Fig. | is shown. 


LOG Xx 


0.005 


0.0 0.10 020 030 040 


LOG t 


Fig. 9—Dependence of log x on log t for the various isotherms 
included in the insert of Fig. 1 is shown. 


nucleation (i.e., heterogeneous nucleation) is somehow 
inconsistent with classical nucleation theory. However, 
the phenomena of heterogeneous nucleation (whether 
in fluid or solid media) have been readily explained on 
the basis of the classical nucleation theory. Possible 
interpretations of heterogeneous nucleation in the 
martensite transformation, based on the classical nucle- 
ation theory, are developed in papers by Hollomon and 
Turnbull” and Fisher and Turnbull." 

C. H. Shih, B. L. Averbach, and Morris Cohen 
(authors’ reply) — As suggested by Dr. Turnbull, the 
microstructures have been examined in the early stages 
of the isothermal martensitic reaction. Nucleation was 
observed at preferred sites, such as grain boundaries, 
twin boundaries, and existing plates of martensite. In 
the latter case, the effect looked somewhat like chain 
lightning. Spherical colonies or patches of geometric 
similitude were not developed. Thus, although the ‘re- 
action was certainly autocatalytic, the assumption of 
isothermally advancing colonies was not supported by 
the metallographic observations. In other words, the 
critical conditions for Dr. Turnbull’s analysis were not 
operative in the alloys studied here. 

His explanation of the data published by Cech and 
Hollomon is interesting. If an initial layer of marten- 
site was produced at the surface of their specimens be- 
cause of manganese loss, it would seem that this 
hypothesis could be checked by metallographic ex- 
amination. It is also worth mentioning here that Fisher 
has applied the classical theory of homogeneous nuclea- 
tion to the martensitic transformation in these Fe-Ni- 
Mn alloys and has reported good agreement. 

Clearly, a choice between homogeneous and hetero- 
geneous nucleation cannot be made on the basis of AF, 
values alone. The authors’ point is that the concept of 
preferred nucleation sites is both consistent with the 
microstructural observations and leads to values of the 
nucleation energy that are at least as reasonable as 
those derived on the assumption of homogeneous nucle- 
ation. The authors would argue that the classical theory 
of homogeneous nucleation is actually weakened by its 
reported agreement with the martensitic kinetics in 
these alloys because the microstructures show that the 
nucleation is, in fact, heterogeneous rather than homo- 
geneous. 


iW. A. Johnson and R, F. Mehl: Trans. AIME (1939) 135 p. 
416; Metats TecHNotocy (August 1939). 
2, S. Machlin and M. Cohen: Trans. AIME (1951) 191, p. 746; 
or Metats (September 1951). 
%J. H. Hollomon and D. Turnbull: Progress in Metal Physics. 
(1983) 4, pp. 333-388. London. Pergamon Press. 
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Vanadium-Zirconium Alloy System 
by J. T. Williams 


DISCUSSION, D. J. McPherson and J. P. Nielsen, 
Chairmen 


Rodney P. Elliott (Amour Research Foundation of 
Illinois Institute of Technology, Chicago)—In conjunc- 
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tion with a program of investigation of the Laves-type 
phases, an alloy at the stoichiometric composition ZrvV> 
was prepared by arc-melting techniques. Similar to the 
experience of the author, the powder pattern of this 
composition was greatly fogged; however, no difficulty 
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was experienced in assigning indices of the MgCu, 
structure to this pattern. The lattice parameter was cal- 
culated to be 7.43kX. Other lines were observed but 
were accounted for as hexagonal-close-packed zircon- 
ium or body-centered-cubic vanadium. 

There is an equivalence of Miller indices for planes 
of equal interplanar spacing for the three Laves-type 
structures; by the absence or presence of lines, it is pos- 
sible to establish which of the phases is present. For 


this reason, it should have been possible for the 
author to index the pattern of his y-phase as isomor- 
phous with the MgZn:, structure, even though this struc- 
ture as determined by Wallbaum is not correct. It has 
been positively established that ZrV» is isomorphous 
with MgCuz and not MgZn».. Specimens of the 
alloys were annealed at 200° intervals from 600°C 
upward but gave no indication of having any allo- 
tropic structures. 


Magnesium-Rich Corner of the Magnesium-Lithium-Aluminum System 


by J. A. Rowland, Jr., C. E. Armantrout, and D. F. Walsh 


DISCUSSION, D. J. McPherson and J. P. Nielsen, 
Chairmen 

David W. Levinson (Armour Research Foundation of 
Illinois Institute of Technology, Chicago)—As is point- 
ed out by the authors, Shamrai"” reports the existence 
of a ternary intermediate phase, called MghLiAl., which 
was not found by Frost et al.° nor by the present study. 
All of these studies were concerned with compositions 
in the vicinity of the magnesium corner. 

A study of phase relations in the system Mg-Li-Al 
carried on at Armour Research Foundation between 
1952 and 1955, results of which have been submitted 
for publication, have confirmed the existence of the 
Shamrai compound (Fig. 11) at the composition 46 
atomic pct Al, 31 atomic pct Li, and 23 atomic pct Mg. 
The structure of this compound was found to be cubic 
(a, = 20.2A). Micrographs showing the coexistence of 
the compound with the magnesium solid solution and 
with the magnesium solid solution and Mg,,Aly» are 
given in Figs. 12 and 13. These alloys were quenched 
from 400°C and were found to be essentially un- 
changed at 300°C. 

These data cannot be reconciled with the identifica- 
tion of phases given by the authors in Fig. 8. 

With regard to the size and temperature variation 
of size of the (Mg) and (Mg) +8 phase fields, the 
work at Armour is in essential agreement with the data 
presented in this paper. 


F 
the Shamrai compound, the single phase 
MgLiAle. X250. Area reduced approximately 


25 pct for reproduction. 
tion. 


of the Shamrai compound (MgLiAls) with 
magnesium solid solution (Mg). X250. Area 
reduced approximately 25 pct for reproduc- 


J. A. Rowland, Jr., C. E. Armantrout, and D. F. Walsh 
(authors’ reply)—The authors are grateful to Mr. 
Levinson for the interest taken in their paper and 
particularly for having called attention to evidence 
which he has obtained indicating the existence of the 
ternary compound MglLiAl: in fields extending to the 
a Magnesium solid solution area. In the authors’ study 
of the alloys, no evidence of the presence of this com- 
pound was found in the magnesium corner of the equi- 
librium diagram. Because of the narrowness of the 
three fields in which the compound is said to exist, 
especially when considering the diagram in terms of 
weight percent composition, occurrence of MgLiAl, 
could easily escape detection. 

The structure shown in Fig. 8 of the authors’ paper 
does not resemble that of Mr. Levinson’s micrograph, 
Fig. 13. In the former, a clear-cut distinction exists 
between the Mg,;Ali. and the partially dissolved AIlLi; 
whereas, the outlined white phase in the discusser’s 
Fig. 13 appears surrounded by an irregular gray zone. 

The authors are pleased to see that Mr. Levinson’s 
work verifies in general a major portion of the diagram 
as presented in this paper, and they await with inter- 
est the publication of details of his research on the 
alloy system. 


2F, I. Shamrai: Izvestiya Akademii Nauk SSSR Otdelenie Khimi- 
cheskikh Nauk (1947) No. 6, pp. 605-611; (1948) No. 1, pp. 83-94. 


Fig. 13—Micrograph shows the coexistence of 
the Shamrai compound (MgLiAl,) with mag- 
nesium solid solution (Mg) and MgizAl. 
X250. Area reduced approximately 25 pct 
for reproduction. 


Effect of Zinc Content on the Rolling Texture and Annealing Texture of Alpha Brass 


by Alfonso Merlini and P. A. Beck 


DISCUSSION, G. Edmunds and W. R. Opie, Chairmen 
Y. C. Liu (Research Div., New York University, New 
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York)—The authors apparently have not considered an 
important factor which must influence the observed 
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Fig. 12—Micrograph shows 


recrystallization texture, i.e., the presence of annealing 
twins. Annealing twins are quite profuse in brass and 
the number of twins per grain and the number of twin 
families per grain are increased with the addition of 
zine to copper.” The effect of annealing twins on the 
recrystallization texture of brass should, therefore, be 
reflected in the recrystallization pole figures. 

The 19 “ideal orientations” (indicated as 15 by the 
authors) were broken down into six groups designated 
as A, B, C, F, M, and S. The three orientations A, B, 
and F are in twin relationship, i.e., with orientation A 
as the parent orientation, orientations B and F are first 
order twins with respect to A about different octa- 
hedral planes. This is shown in Fig. 19. The orienta- 
tion A can be related to the (110) [112] component of 
the deformation texture by a 22° rotation about octa- 
hedral pole III. Orientation M could also be related to 
the (110) [112] component by a 38° rotation about pole 
Il, Fig. 19, as proposed by Dunn.” Orientation C is a 
cubic orientation which is related to the modified (358) 
[352] component of the deformation texture.” The 
assignment of orientation S seems to be doubtful. The 
locations of its octahedral poles are in low intensity 
regions. This orientation, however, can also be related 
to the modified (358) [352] component by a 22° rota- 
tion, as shown in Fig. 20. The orientations C and S 
should disappear in brass with higher zinc content, 
since both of them are related to the modified (358) 
[352] component of the deformation texture. On the 
basis of this analysis, the data appear to be in good 
agreement with the Liu and Hibbard rationalization.” 

The authors stated that “such a theory would cer- 
tainly have difficulty in accounting for the formation 
of the cubic texture ... when the main deformation 
texture components become further and further re- 
moved from a <111> rotational relationship from the 
cubic orientation.” The assignment of an ideal orienta- 
tion to describe a component in a pole figure is usually 
very arbitrary, especially when the pole figure exhibits 
a large amount of scatter and many high intensity 
areas. In Fig. 2, for example, the positions of the four 
<111> poles of (145) [945] orientation are located at 
the intensity level of 725 (= 1450/2), 350, 500, and 390. 
The same tendency is also exhibited in Fig. 4. The 
data would be a little more self-consistent if they were 
explained on the basis of two components of the defor- 


Fig. 19—Orientation relationships of A, B, F, and M with the 
(110) [112] component of the deformation texture are shown. 
Various symbols represent: circles, the octahedral poles for 
the respective orientations; solid triangles, the (110) [112] 
orientation; and open triangles, the orientations related to the 
(110) [112] orientation. 
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mation texture.” The maximum near the rolling direc- 
tion could be the pole which is associated with three 
orientations, one being the (110) [112] and others the 
modified (358) [352] orientations. The one near the 
transverse direction could be a superimposition of two 
adjacent maxima.* On this basis, the estimated 


* It was observed that this maximum is almost always lower than 
it should be. This is better indicated in the case of 70:30 brass,’ in 
which this maximum should be twice the intensity as plotted. This 
is because it is shared by both of the (110) [112] orientations. Fol- 
lowing the trend in 70:30 brass, only the intensity of one orienta- 
tion, instead of two, is considered in the present estimation. 


amounts of individual components} of the deformation 


+ The total amount of each component in the deformation texture 
should be multiplied by two in the case of (110) [112] orientation 
and by four in the case of the modified (358) [352] orientation. 


texture are shown in Table IV. 


Table IV. Estimated Amounts of Individual Components of the 
Deformed Textures 


Modified 
(110) [112] (358) [352] 
3 pet Zn 650 350 
6 pet Zn 550 200 
10 pet Zn 750 150 


The amounts of recrystallization components of A, B, 
F, M, and C orientations were also estimated. Since 
some of intensity maxima in the <111> pole figures 
are associated with more than one orientation, the in- 
tensity levels in <200> pole figures were used. Where 
the intensity levels of the three cubic poles of a given 
orientation are not consistent, the pole intensity nearest 
to the center of the pole figure was used. It is as- 
sumed that the experimental error in this region is the 
least. The estimated amounts of individual components 
of recrystallization textures are as given in Table V. 
From this table, it is probable that the modified (358) 
[352] component existed in all of the brass strip, is 
decreased in amount with increasing zine content, and 
is also similarly reflected in the recrystallization pole 
figures. 


Table V. Estimated Amounts of Individual Components of 
Recrystallization Textures 


Component Derived 


Components Derived 
From Modified 


From (110)[112] 


(358) [3521], 


A B F M Total* 
3 pet Zn 100 80 80 60 45 $70 
6 pet Zn 50 70) 210° “45 
10 pet Zn 40 70 150 80 70 1340 


*The total amounts of components A, B, F, and M should be 
multiplied by 4, 4, 4, and 2, respectively. This column shows the 
total amounts of components derived from the (110) [112] compo- 
nent of deformation texture. 


As to the point mentioned by authors that the spread 
of the recrystallization texture should be roughly on 
the order of that of the deformation texture, according 
to his concept, the discusser thinks the whole problem 
still lies in the designation of “ideal orientation” for the 
deformation texture. In the deformation pole figures, 
the authors assigned only one orientation for the 
deformation texture so, naturally, there is quite a 
region of spread around the “ideal orientation.” In the 
discusser’s concept, two ideal orientations were as- 
signed, as in Prof. Beck’s previous investigation on 
copper.” This cuts down the spread markedly. 

The discusser proposes the concept of two compo- 
nents of deformation texture of face-centered-cubic 
metals and considers that only one of them functions 
during annealing, on the basis that the recrystallization 
kinetics are a function of deformation texture.® Recent 
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Fig. 20—Orientation relationship between the orientation S 
and the modified (358) [352] component of the deformation 
texture is shown. Various symbols represent: open circles, the 
(338) [443] orientation and solid circles, the (125) [553] 
orientation. 


work shows that the modified (358) [352] deformation 
texture recrystallizes at a lower temperature than 
would the (110) [112] component in copper.” This 
type of behavior was also observed recently in Si-Fe 
single crystals.” 

The authors stated (Fig. 16) that the “ideal orienta- 
tions” of the deformation textures vary with zinc con- 
tent in a 22° range about one fixed octahedral pole, but 
that the “ideal orientations” of the components of re- 
crystallization textures, except orientation B, do not 
vary appreciably with zinc content. (Orientation S is 
not discussed here, since the authors mention it only 
briefly.) This might indicate that orientations A, F, M, 
and C are all caused by some invariant in the deforma- 
tion pole figure, which is not influenced by the addition 
of zinc; or the variant matrix, according to the authors’ 
concept, does not influence the appearance of the re- 
crystallization components of A, F, and M. (Orienta- 
tion C should be excluded on the basis of “ccompromis- 
ing textures,” as the authors suggested.) Since the only 
thing which is constant throughout all the deformation 
pole figures, according to the authors, is the spread of 
minor intensities, it is, therefore, the spread matrix 
but not the major textured matrix which determines 
the recrystallization texture components A, F, and M. 
The more likely alternative is that the deformed ma- 
trix is an invariant, qualitatively. 

It is difficult to understand the authors’ contention 
that the minor spread in the deformation pole figure 
sometimes plays such a significant role in the occur- 
rence of the main components of the recrystallization 
texture of brass and sometimes does not affect it at 
all, as in the case of copper. In comparing Fig. 2 with 
the pole figure plotted by Prof. Beck for copper,* the 
only difference that can be seen is a peripheral spread 
of intensity between 50 and 150 in Fig. 2. That this 
small difference will cause a sudden change from a 
single recrystallization texture of cubic orientation to a 
recrystallization texture of 19 components is difficult 
to understand. By assigning one “ideal orientation” for 
copper, the spread around the “ideal orientation” is 
much more predominant than the peripheral spread 
shown in Fig. 2. However, this spread around the 
“ideal orientation” seems to have no “appetite” to de- 
velop more components of recrystallization texture in 
copper. Fig. 6 shows a higher degree of peripheral 
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spread than Fig. 2; however, the “ideal orientations” 
for the recrystallization texture components are only 
slightly changed but do not increase in number to more 
than 19. If two “ideal orientations” are assigned to 
the deformation texture, as Prof. Beck actually did in 
the case of copper,® the presence of another component 
of deformation texture, according to authors’ reasoning, 
has much less influence on the recrystallization texture 
in comparison with the peripheral spread in Fig. 2. 

It now appears, according to the oriented growth 
hypothesis, that both the peripheral spread as well as 
the major textured matrix should be considered as 
important. Under what condition is one more impor- 
tant than the other? 

Prof. Beck suggested” that, according to the oriented 
growth hypothesis, it should be expected that there is a 
“sharpening effect.” By comparing the recrystalliza- 
tion pole figures with corresponding deformation pole 
figures in the paper, this tendency cannot be observed. 

Alfonso Merlini and Paul A. Beck (authors’ reply)— 
As pointed out in the paper, orientations in the vicinity 


of (110) [112] probably occur with considerable fre- 
quency in the rolling textures of copper and brasses 
from 0 to 30 pct Zn, representing an important orienta- 
tion spread. The authors have, however, consistently 
refrained from considering an orientation as represent- 
ing a texture component, unless at least two or three 
(preferably all) of the poles correspond to maxima in 
the pole figures. The two maxima on which each com- 
ponent is based in the present paper are listed in 
Tables II and III. From this point of view, the two 


(110) [112] type orientations do not represent texture 
components in the 0, 3, and 6 pct Zn alloys, since only 
one pole of each actually corresponds to an intensity 
maximum. In a complex texture, such as the rolling 
textures of low brasses, there are many orientations 
with one pole at a maximum and some others at high 
intensity areas. The choice of any of these as a com- 
ponent is quite arbitrary. For instance, in the case of 


3 pct Zn brass, the (110) [112] orientation is a texture 
component only in a sense in which any one of a very 
large number of other orientations could also have 
been selected. The value of the rotational reorienta- 
tions postulated by Dr. Liu on the basis of the (110) 


[112] components may be, therefore, somewhat ques- 
tionable. (Unawareness of the clear distinction be- 
tween an orientation, such as S, admittedly somewhat 
arbitrarily selected as representative of a spread, and 
an orientation representing a main texture component 
based on at least two maxima may have misled Dr. Liu 
to the conclusion that the recrystallization textures 
reported in the paper have 19 components. As stated 
in the paper, the number of main components is 15.) 

It is clear that the assignment of ‘ideal orientations” 
is in many cases not quite unique, even when at least 
two maxima are used as a basis. One of the difficulties 
encountered, which was also noted by Dr. Liu, is that 
the intensities corresponding to the various poles for 
a certain ideal orientation are often not consistent with 
each other. The discrepancies encountered are far 
greater than the probable experimental error of the 
measurements, and they should be considered as a 
necessary result of the great oversimplification in- 
volved in the attempt of describing a texture in terms 
of “ideal orientations,” instead of statistical orientation 
distributions. For this reason, Dr. Liu’s calculations of 
the intensities to be assigned to the various “texture 
components” he chose must be regarded with caution. 

The question as to the effect of minor matrix texture 
components or spreads on the recrystallization texture, 
on the basis of oriented growth, may be perhaps an- 
swered on a qualitative level as follows: If the orien- 
tation of the minor component is such as to favor the 
growth of grains in orientations also favored by major 
texture components, its effect will not be felt. On the 
other hand, if a minor matrix component is unfavor- 
able for the growth of recrystallized grains which are 
favored by major matrix components, an inhibiting 
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effect far out of proportion with the relative intensities 
of the minor matrix components in question may be 
expected. 


16 W. R. Hibbard, Jr., Y. C. Liu, and S. F. Reiter: Trans. AIME 
(1949) 185, p. 635; JOURNAL oF Metats (September 1949) 
7C. G. Dunn: Acta Metallurgica (1954) 2, p. 386. 


is Y, C, Liu and W. R. Hibbard, Jr.: Trans. AIME (1953) 197, p. 
672; JouRNAL oF Merats (May 1953). 

19 Y, C, Liu: Unpublished data. 

2p. K, Koh and C. G. Dunn: Trans. AIME (1955) 203, p. 401; 
JourNAL oF Metats (February 1955). 

21P, A. Beck and H. Hu: Discussion. Trans. AIME (1950) 188, 
p. 1057; Journat or Merats (August 1950). 


On the Relationship of Texture Changes of Cold-Rolled Face-Centered-Cubic 


Metals During Recrystallization 
by Y. C. Liu and W. R. Hibbard, Jr. 


DISCUSSION, G. Edmunds and W. R. Opie, Chairmen 


Paul A. Beck (University of Illinois, Urbana, Ill.)— 


Since the “modified (358)[352] orientation,” discussed 
by the authors, nearly coincides with the main defor- 


mation texture components near (123)[211] found for 
aluminum and copper,* the reorientation referred to in 
the paper, corresponding to [111] rotations leading to 
the cube texture and to a recrystallization texture simi- 
lar to the deformation texture, are essentially the same 
as those previously proposed® on the basis of the ori- 
ented growth analysis. Although the authors now at- 
tempt to justify the same reorientations on the basis of 
an oriented nucleation analysis, the first impression 
conveyed might be that the two approaches are funda- 
mentally equivalent. However, on further thought, it 
appears that this is not the case. For instance, it is 
difficult to see how the oriented nucleation analysis, 
without additional ad hoc hypotheses, can account for 
the sharpness of the cube texture formed on annealing 
from a deformation texture having a wide orientation 
spread. Even if it is assumed that the nuclei have a 
definite crystallographic orientation relationship with 
the matrix, it is difficult to visualize how a nucleus ori- 
entation can be related to the orientation of any part 
of the matrix other than that immediately surrounding 
the nucleus. The picture of each nucleus having a defi- 
nite orientation relationship with the microscopic por- 
tion of the matrix immediately surrounding it leads to 
a spread of nucleus orientations corresponding approxi- 
mately to the spread of matrix orientations. The au- 
thors got around this difficulty by using only two of 
the continuum of orientations present in the deformed 


matrix, namely; the “modified (358)[352]” and the 


(110)[112] as the basis for deriving nucleus orienta- 
tions. It is, however, not clear why these two matrix 
orientations only should give rise to nuclei. On the 
other hand, on the basis of the oriented growth analy- 
sis, the observed annealing textures can be easily 
rationalized™ * if it is assumed that they are domi- 
nated by crystals most favorably oriented for growth 
with respect to the matrix as a whole, including the 
various matrix texture components and spreads with 
which the recrystallized grain comes into contact in the 
course of its growth. 

A difference arises between the two interpretations 
also in regard to the “phantom recrystallization texture 
components,’ which do not actually occur although 
they have the same orientation relationship with re- 
spect to one of the matrix texture components as the 
actual recrystallization texture. For instance, it is not 
at all clear on the basis of the oriented nucleation 
analysis why the cube orientation should be the only 
recrystallization texture component in highly rolled 
and annealed copper and why other crystallographic- 
ally equivalent [111] rotations should not occur. On 
the basis of the oriented growth analysis, the unique 
role of the cube orientation is quite evident: it is the 
only orientation nearly ideally oriented for growth 
with respect to all four major deformation texture 
components. 

The effect on the formation of the cube texture of a 
number of variables, such as the penultimate grain 
size, the final reduction of area in rolling, the final an- 
nealing temperature, and etching to a very small 
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thickness prior to the final anneal, has been well es- 
tablished experimentally. Qualitative explanation of 
all these effects in terms of the oriented growth analy- 
sis has also been given.” It would be interesting to 
learn how these effects can be interpreted on the basis 
of the oriented nucleation analysis proposed by the 
authors. 


The absence in 70-30 brass of the two (112)[110] 
type recrystallization texture components, shown in 
Fig. 5 of the paper, is cited by the authors as a fact in- 
compatible with the oriented growth analysis. As 
pointed out previously,* their conclusion would be un- 
doubtedly correct if the rolling texture of a brass con- 
sisted only of the two components described by ideal 


orientations of the (110)[112] type. It has been also 
pointed out, however, that actually the rolling texture 
of 70-30 brass includes a very intense orientation 
spread centered around the (110)[001] orientation and 


that the “phantom recrystallization texture” (112) [110] 
is very far removed from an orientation favorable for 
growth with respect to the central part of this spread. 


Consequently, the absence of the (112)[110] recrystal- 
lization texture in brass may be rationalized in terms 
of the oriented growth analysis on the basis of its ori- 
entation relationship with respect to the principal 
orientation spread in the rolling texture. 

Y. C. Liu and W. R. Hibbard, Jr. (authors’ reply)— 
There is no question that preferential grain growth 
plays an important part in the process of recrystalli- 
zation. The question is, to what extent is this phenom- 
enon operative in the development of a recrystallization 
texture? According to Dr. Beck, it is the sole factor 
in the development of the recrystallization texture.” 
The authors do not agree. The process as they see it is 
that, in addition to and prior to preferential grain 
growth, there is another process which provides nuclei 
for later growth. The mechanism of this process is 
related to the deformation mechanism. The resulting 
orientations of nuclei have a rotational reorientation 
relationship with respect to the deformed matrix, not 
due to growth but due to the deformation and recov- 
ery during their formation. Thus, the process provides 
nuclei which are related to the deformation process 
imposed on the matrix material. The authors agree 
with Dr. Beck that their viewpoints seem to be the 
same on the surface but are quite divergent in basic 
concepts. 

Differentiation between these two concepts is ex- 
tremely difficult; both of them provide evidence 
through the rotational reorientation relationship. In 
many cases, the experimental observations could be 
interpreted either way without any difficulty. For in- 
stance, the observation of eight equivalent components 
of recrystallization texture in a cold-rolled copper sin- 
gle crystal’ was interpreted by Dr. Beck as a strong 
indication of the operation of his concept in this 
respect.” 

The pole of rotation, according to the authors’ analy- 
sis, is the pole of the active slip planes, but it is the 
pole of the most densely packed crystallographic plane 
according to Dr. Beck’s concept.” However, the most 
densely packed plane usually is also the slip plane, and 
the two concepts once again confuse each other. None- 
theless, a difference between these two concepts some- 
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times arises, such as the observed secondary orientation 
relationship about the cubic pole of the primary texture 
in cases such as are given in the paper. 

Dr. Beck has raised an interesting question in con- 
nection with the orientation of the matrix immediately 
surrounding the nuclei on a microscopic scale. If the 
deformation texture is reasonably sharp, say, having a 


(358) [352] orientation, Dr. Beck’s suggestion for the 
formation of the cubic texture has a logical basis. 
However, as observed by Dr. Beck and his collabora- 
tors, the deformation texture of copper shows a large 
degree of scatter.° The question then arises what would 
happen in a microscopic region where matrix grains of 


other than (358)[352] orientation are present? The 
grain of cubic orientation might be a “compromised” 
grain to grow in such a matrix. But this does not rule 
out the possibility that in this very region there could 
be another grain of the right orientation which pos- 
sesses the “maximum grain boundary mobility” with 
respect to this microscopic region. Instead of a sharp 
cubic recrystallization texture, a certain degree of scat- 
ter, which depends on the orientation spread in the 
deformation texture, would be expected. According to 
the authors’ concept, this situation does not constitute 
a problem, since all the recrystallized grains are not 
pre-existent but are derived from their corresponding 
deformed grains. Recrystallized grains of other than 
cubic orientation may not exist, either because there 
are no deformed grains to serve as the origin for these 
grains, or because the kinetics of recrystallization fa- 
vors the formation of the cubically oriented nuclei. 

The authors explained the sharpness of the cubic 
texture on the basis of two components of deforma- 
tion texture” without any additional ad hoc hypotheses, 
as suggested by Dr. Beck. By comparing the spread 
around the octahedral pole B of the modified (358) 
[352] orientation, Fig. 1 in the paper, with any octa- 
hedral poles of cubic texture in the pole figures plot- 
ted by Dr. Beck and his collaborators,’* it would be 
seen that they are almost the same. 

The suggestion of two components of deformation 
texture in copper was made on the basis of experimen- 


tal observation. Although the suggestion of (110)[112] 
orientation as the ideal orientation of one component 
of the deformation texture was made from pole figures 
derived by X-ray photographic methods,’ similar in- 
dices were also used by Dr. Beck and his collaborators’ 
to describe the component of the deformation texture 
in their quantitative pole figure. The most concrete ob- 
servation of its existence was first made by Barrett 
and Steadmann®* and it has been verified many times’ 
that single crystals of this orientation will retain the 
orientation after high reduction in thickness and that 
all other orientations under investigation* are unstable 
during the course of cold-rolling. Barrett and Stead- 


mann had also suggested the (358)[583] orientation, 
which was later verified by Dr. Beck® with indices of 
(358) [352]. Recent experiments carried out on copper 
single crystals of initial modified (358)[352] orienta- 
tion® indicated that this orientation is retained during 
rolling but with complications. There seems no doubt 
of the coexistence of these two components in the de- 
formation texture of cold-rolled copper. The most im- 
portant thing is that, by assuming the existence of these 
two components, it would be possible to rationalize the 
recrystallization texture in face-centered-cubic metals 
with both simplicity and a reasonable degree of self- 
consistency. No doubt, components of other orienta- 


tions could also exist in the rolled strip. These minor 
components may or may not survive, depending upon 
the recrystallization kinetics which, as the authors sug- 
gested, are a function of the texture orientations as 
confirmed by recent work of Koh and Dunn* on rolled 
Si-Fe single crystals. 

“Phantom recrystallization texture components” are 
a problem according to Dr. Beck’s concept.*”** The two 
explanations offered by Dr. Beck,” as pointed out by 
Burke,” are either without evidence or support the 
concept of oriented nucleation. To the authors, this 
problem is simple. Since it is the deformation process 
and subsequent annealing which produces the condi- 
tions leading to the recrystallization nuclei, the active 
slip systems should be related to the choice of poles of 
rotation, together with the kinetics of the annealing 
process leading to the growth of the nuclei. The rela- 
tion between poles of rotation and active slip planes 
was experimentally demonstrated by Maddin, Mathew- 
son, and Hibbard” on brass single crystals and sug- 
gested by the authors’ in the investigation of the re- 
crystallization texture of copper single crystals. Ac- 
cordingly, it would be expected that all crystallogra- 
phically equivalent poles of rotation would not be 
equal unless there was equivalent slip on each cor- 
responding plane. 

As to the various factors that influenced the forma- 
tion of the cubic texture, they might be explained ac- 
cording to the authors’ concept on the basis of their 


effect on the number of grains in the (358)[352] ori- 
entation prior to the final annealing, and their effect 
on the kinetics of recrystallization of the components 
present in the deformed material. Recent experiments 
carried out by one of the authors” suggested a doubt 
as to whether the cubic texture is precisely a cubic 
orientation or a combination of several near-cubic ori- 
entations. It looks as though more information about 
the cubic texture is needed before it can be rationalized 
in detail. 

The authors are very glad that Dr. Beck offered his 
viewpoint on behalf of his concept concerning the 
analysis of the 70:30 brass texture in Fig. 5 of the 
paper. However, he does not show any evidence that 
the “phantom” (112)[110] type of recrystallization 
component possesses “minimum grain boundary mobil- 
ity” in order to prevent its growth to the spread ma- 
trix. On this basis—including the spread—the absence 
of the (112)[110] component, particularly in the pres- 
ence of the other components related to the (110) [112] 
matrix (but not the spread), is still difficult to rational- 
ize if all crystallographically equivalent orientations 
are considered. 


23.P, A. Beck: Notes on the Theory of Annealing Textures. Acta 
Metallurgica (1953) 1, p. 230. 

2P, A. Beck: Annealing of Cold Worked Materials. Advances in 
Physics. Philosophical Magazine Supplement (1954) 3, p. 245. 

2 P,. A. Beck: Trans. AIME (1952) 194, p. 979; JourNaL or METALS 
(September 1952). 

26P, A. Beck: Trans. AIME (1951) 191, p. 475; JournaLt or METALS 
(June 1951). 

27-Y. C. Liu: Discussion. Trans. AIME (1955) 203, p. 1267; JouRNAL 
or Metrats (November 1955). 

28C, S. Barrett and F. W. Steadmann: Trans. AIME (1942) 147, 
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Preferred Orientations in Beta-Annealed Zirconium 
by J. H. Keeler and A. H. Geisler 


DISCUSSION, G. Edmunds and W. R. Opie, Chairmen 
J. B. Newkirk (General Electric Co., Schenectady )— 
The discusser would like to suggest an additional ex- 
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planation for the reversion of recrystallized a zirconi- 
um to its original texture on heat-treating at tempera- 
tures 40° to 70°C above the transformation. 
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It is fairly well established that, in a phase trans- 
formation ap, stable a-embryos can be retained in the 
temperature range of f-stability in cavities of suitable 
extraneous solids present in the system. These retained 
a-embryos may nucleate the p>a transformation when 
the system is returned to the range of a-stability. If 
the active cavities are in solid particles which are 
firmly fixed within a solid crystal, it follows that the 
orientation of the a-crystalline material within the 
cavities will determine the orientation of the new a- 
lattice which is generated as the parent £-crystal 
transforms. 

Cavities with a small conical angle can retain stable 
a-embryos farther into the region of f-stability than 
can those with a larger conical angle. If the system is 


taken far enough into the p-region, no a-embryos will 
be retained in cavities and this mechanism of preferred 
nucleation can no longer operate. A modified a-texture 
based on random nucleation from the p-phase would 
then be expected. This is the behavior which the 
authors report. 

J. H. Keeler (author’s reply)—Dr. Newkirk’s addi- 
tional explanation for the reversion of recrystallized 
e-zirconium to its original texture on heat-treating at 
temperatures 40° to 70°C above the transformation is 
appreciated. A critical experiment that would show 
which of four possible alternatives is responsible for 
the texture reversion would now be of interest. 


16D, Turnbull: Kinetics of Heterogeneous Nucleation. Journal of 
Chemical Physics (1950) 18, pp. 198-203. 


Contribution of Crystal Structure to the Hardness of Metals 


by W. Chubb 


DISCUSSION, H. Y. Hunsicker and A. A. Burr, 
Chairmen 

W. J. Bratina (University of Toronto, Toronto; now 
with Ontario Research Foundation, Toronto)—Dr. 
Chubb has presented the temperature-hardness rela- 
tionship for cobalt, iron, uranium, titanium, and zir- 
conium; the hardness, determined as Dph, is plotted 
against the temperature on semilogarithmic coordi- 
nates. The elastic properties of titanium and zirconium 
have been investigated in this laboratory employing 
the internal friction method and it appears interesting 
to compare the temperature variation of the hardness 
for these two metals with the variation of their torsion 
(shear) modulus. Of special interest are the inflections 
in the hardness values at approximately 500° and 
400°C for titanium and zirconium, respectively, and the 
abrupt changes at the allotropic transformation tem- 
perature (Figs. 5 and 7 of the paper). Similar inflec- 
tion points in some other metals have been discussed 
previously” and very recently." 

The variation of torsion modulus with the tempera- 
ture is shown for titanium in Fig. 8, where the values 
for titanium TMC Ti-75A are shown, but the specimen 
has absorbed certain amounts of gases (mostly oxygen) 
during the experiment despite a vacuum of 5x10° mm 
Hg. This contamination, expressed as atomic percent- 
age of oxygen, amounts to 0.80. The temperature varia- 
tion of torsion modulus for pure TMC Ti-75A up to 
700°C has been reported elsewhere.” In zirconium it 
was necessary to investigate the high temperature re- 
gion separately“ to prevent excessive contamination. 
In the graphs the value G:/Gwu is plotted, where G; 
and Gs» are the torsion modulus t° and 20°C, respec- 
tively. The first significant deviation from the linearity 
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Fig. 8—-Curve and data points show the yariation of torsion 
modulus with temperature in titanium. 
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in the case of well annealed polycrystalline specimens 
begins in the temperature region where, according to 
the theory of anelasticity, the grain boundary relaxa- 
tion phenomena become significant. The second 
marked decrease is in the allotropic transformation 
temperature region. 

Comparing the G:/Gw and log (Vhn) vs temperature 
curves for titanium (or zirconium), certain coincidence 
in the temperature where the first inflection appears is 
apparent, especially if the scatter of the experimental 
data is taken in consideration. This would suggest, at 
first sight, that this inflection in hardness values might 
also be caused by the presence of grain boundaries, 
since in both cases polycrystalline specimens have been 
employed. On the other hand, in the internal friction 
experiments, mostly well annealed specimens are used 
which differ greatly from the lattice conditions found 
close to the indentation area in hardness tests; it would 
appear that cold-worked and partially annealed poly- 
crystalline specimens would be a better approach. A 
number of internal friction experiments has been done 
on such specimens, for example, by Ké” on aluminum 
and very recently by Koster et al.“ on copper; the 
effects of cold work and annealing have been studied. 
In general, data of internal friction experiments seem 
to indicate that the first inflection point in the hardness 
vs temperature curve in titanium and zirconium might 
be due to more or less complex action of various inter- 
faces within the specimen. Some of them, such as grain 
boundaries, are present in the specimen originally and 
some are introduced by plastic deformation and subse- 
quent recovery processes, if any. This seems to explain 
also well known experiments on single copper crystals” 
where a similar inflection in the hardness vs tempera- 
ture curve has been observed as in polycrystalline 
material. 

It is to be expected that the physical properties 
would change if the crystal structure is changed; 
therefore, the inflection point in hardness and torsion 
modulus curve in the allotropic transformation range 
is no surprise. More interesting is that both hardness 
and torsion modulus attain lower values in the pg phase, 
as can be seen from the data for zirconium” and can 
be concluded for titanium from Fig. 8, although in this 
case the measurements were not extended into the p 
region. However, the reason for this drop might be 
different. Dr. Chubb has shown that the decrease in 
the hardness values is due to the body-centered-cubic 
crystal structure which is always a softer structure 
when it is involved in an allotropic transformation. The 
decrease in the torsion modulus is not very clear. It 
would be interesting to investigate from this point of 
view the values for iron, where the first inflection in 
the log (Vhn) vs temperature curve corresponds quite 
closely to the inflection in the torsion modulus curve,” 
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but the y phase shows an increase in hardness com- 
pared to the a phase. 

In Fig. 5 the hardness value for higher purity tita- 
nium shows a slower decrease with the temperature 
than for less pure titanium; finally they meet at the 
inflection point. Perhaps this effect can be attributed 
to the surface contamination, since the vacuum was 
not very high? Similar conditions as in iron of differ- 
ent purity, Fig. 4, might be expected. 

W. Chubb (author’s reply)—Dr. Bratina’s contribu- 
tion to this subject is greatly appreciated, and the 
author is in agreement with Dr. Bratina’s interpreta- 
tion of the inflections at 400° and 500°C in zirconium 
and titanium. His observation that grain boundary 
relaxation phenomena become significant in the region 
of the hardness inflection is particularly interesting. 
Other phenomena that occur near this temperature are 
stress relief, recrystallization, and the disappearance of 
cold work in creep. In all cases, the temperature 
associated with these phenomena can be shifted by 
alloying, but in no case that this writer knows of can 
impurities or lack of impurities cause these phenomena 
to disappear. 

As Dr. Bratina points out, the data seem to indicate 
that the inflection point is due to complex action of 
interfaces within polycrystalline specimens. The 
author is of the opinion that all these phenomena are 
best understood in terms of the mechanistic theory of 
dislocations. The “interfaces” then become simply 
barriers to the movement of dislocations, whatever 
form they may take. At low temperatures, the move- 
ment of dislocations is restricted by these barriers; 
high stresses are necessary to cause plastic deforma- 
tion; “cold work” results from plastic deformation; 
and the energy absorbed by the oscillation of disloca- 
tions between barriers (as manifested by “internal 
friction”) is small. As the temperature of the metal 
is raised, the kinetic energy of the atoms increases; the 
jump frequency of vacant lattice sites increases; and 
the rate of self-diffusion increases. Presently, as the 
temperature is raised, it is found that, when the poten- 
tial energy of a small stress is superimposed upon the 
kinetic energy of vibration of the atoms, the combina- 
tion is sufficient to cause barriers to diffuse out of the 
path of dislocations or for the effective size of the 
barriers to be reduced so that dislocations may climb 
over the barriers. At such a temperature, stress relief, 
disappearance of cold work in creep, and the onset of 
“srain boundary” relaxation (caused by the absorp- 
tion of energy as dislocations cycle over barriers) are 
observed. This writer feels that the inflection point at 
about 400°C in the hardness curves for iron, titanium, 
and zirconium may be regarded as that point at which 
stress relief is occurring so rapidly that it occurs dur- 
ing the time of indentation. Therefore, this inflection 
should occur at temperatures slightly above that for 
long time stress relief, disappearance of cold work in 
creep, and grain boundary relaxation. Tentative con- 
firmation of this theory is to be found by comparing 
the inflection point found by Dr. Bratina, Fig. 8, with 
that found by hot hardness, Fig. 5. It appears that the 
latter occurs 50°C higher than the former. 


Recrystallization is related to these phenomena only 
to the extent that diffusion is necessary before nuclea- 
tion and grain growth can occur. The factors of 
amount of cold work, time, and temperature of treat- 
ment must be taken into consideration before recrys- 
tallization can be related to the hot hardness inflection. 

Melting is related to these phenomena to the extent 
that as the temperature is raised the kinetic energy of 
vibration of the atoms increases, the free energy of 
formation of the solid increases, the stability of the 
solid decreases, and the free energy of formation of 
the liquid decreases. As Dr. Westbrook has demon- 
strated,’ metals usually melt at a temperature such 
that the absolute temperature for melting and the 
absolute temperature for the inflection point can be 
related by a factor of about 0.55. However, if a trans- 
formation occurs, the high temperature allotrope be- 
comes more stable than the low temperature allotrope; 
thus, the free energy of the solid is decreased, and the 
melting point may be pushed to a higher temperature 
than would be expected if there were no transforma- 
tion. 

With respect to the modulus of iron, W. Koster has 
reported values for the effect of temperature upon the 
dynamic moduli of a large number of metals includ- 
ing cobalt, iron, thallium, and zirconium.” He found 
that the moduli of cobalt, iron, and thallium in- 
creased and that the modulus of zirconium decreased 
at the transformation temperatures. The behavior of 
thallium as reported by Koster seems to be anomalous, 
since it would indicate that the binding energy of 
body-centered thallium is greater than that of close- 
packed thallium. Unpublished data by R. E. Maringer 
show that the modulus of uranium varies in the same 
manner as the logarithm of hardness. A plot of the 
modulus of uranium vs temperature could easily be 
mistaken for Fig. 6 of this paper. 

The author cannot agree with Dr. Bratina that sur- 
face contamination is responsible for the intersection 
of the two curves for titanium in Fig. 5. If the iodide 
titanium sample had become contaminated during the 
test at moderate temperatures, it surely would have 
become more contaminated at higher temperatures, 
and the sharp drop in hardness at the transformation 
would not have been observed. The curve for RC-55 
titanium (which incidentally is somewhat purer than 
Ti-75A titanium) might be taken as an example of 
material slightly contaminated with oxygen. The 
curves shown in Fig. 5 illustrate the well known fact 
that oxygen raises the transformation range of tita- 
mium but is not very effective in strengthening 
titanium at slightly elevated temperatures. 

13 Discussion of ref. 7. Trans. ASM (1953) 45, p. 243. 
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145 J, N. Pratt, W. J. Bratina, and B. Chalmers: Acta Metallurgica 
(1954) 2, p. 203. 

14W. J. Bratina and W. C. Winegard: To be published. Trans. 
eer S. Ké: Trans. AIME (1950) 188, pp. 575, 581; JourNAL oF 
Metats (March 1950). 

1s W. Koster, L. Bangert, and W. Lang: Ztsch. fiir Metallkunde 
(1955) 46, p. 84. 

Ww J. Engl and G. Heidtkamp: Cited in ref. 7. 

S. Ké: Trans. AIME (1948) p. 448; Mrerats TrecHNOLOGY 


(June 1948). 
21W. Koster: Ztsch. fiir Metallkunde (1948) 39, p. 1. 


Study of a New Mode of Plastic 


DISCUSSION, C. S. Roberts and F. L. Vogel, Chairmen 

P. L. Pratt (The University of Birmingham, Birming- 
ham, England)—The deformation markings studied in 
this paper are “believed to be the same thing as the 
micro kink bands observed by Holden* and by Pratt” 
(p. 212). The term micro kink bands, attributed incor- 
rectly to these two authors, “seems to be inept to this 
author because there is a qualitative and a quantitative 
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Deformation in Zinc Crystals 
Iman 


difference between ,»-bands and ortho kink bands” 
(p. 213). On the surface, these markings may appear 
to be similar but, without a small amount of photo- 
graphic evidence and within the body of the crystal, 
it is difficult to see this similarity. The fine and coarse 
kinks studied by Pratt were related to the buckling 
of the compressed side of a bent specimen and, as indi- 
cated in Figs. 15a and 15b, they failed to cross the 
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Fig. 15a—Diagram shows the stress system during cleavage of 
a thin flake. 


Fig. 15b—Section through the thin cleavage flake shows de- 
formation. 


neutral axis of the specimen. Figs. 13 and 14, however, 
indicate that the yw-bands run from one side of the 
specimen to the other, with no macroscopic buckling 
of the specimen, and it is difficult to correlate this 
model with Fig. 4 and with the observation that buck- 
ling accounts for the maximum in the stress-strain 
curve, Fig. 3 (although the author does state on p. 213 
that, despite Figs. 3 and 4, there was no “macro bend- 
ing.” The dislocation model proposed in Fig. 14 ap- 
pears to be an early stage in the development of a 
normal deformation band, as discussed by Cahn” and 
by Mott," and can hardly permit plastic buckling on 
the scale of Fig. 4. The dislocation model for the coarse 
kinks (and probably the fine kinks also) of Fig. 15 is 
shown in Fig. 16 in which edge dislocations of opposite 
sign lie in two kink planes meeting below the surface 
of the crystal. These dislocations might well come from 
Frank-Read sources lying between the two kink planes, 
and their density in the kink plane is inversely propor- 
tional to the local radius of curvature of the bent beam 
(.e., proportional to their distance from the neutral 
axis). It seems possible to describe the buckling of a 
compressed rod by means of a simple contraction of 
this model, and this process would outwardly appear 
to suppress ortho kinking on a macroscopic scale by 
permitting local relaxations of the buckling stress dis- 
tributed along the specimen. 


Fig. 16—The disloca- 
tion model for coarse 
kinks, Fig. 15, is 
shown in the dia- 
gram, in which edge 
dislocations of oppo- 
site sign lie in two 
kink planes that 
meet below the sur- 
face of the crystal. 


Johnson” has said, “Every man has a right to utter 
what he thinks truth, and every other man has a right 
to knock him down for it.” If, in fact, these p-bands 
are the same as the earlier deformation markings, per- 
haps the term micro deformation band and the title of 
the paper, Study of a New Mode of Plastic Deforma- 
tion in Zine Crystals, might also seem inept. 

J. J. Gilman (author’s reply)—Little is to be gained 
at this time by a discussion of the terminology that 
was used in the paper. This is a matter of opinion, and 
the author has no strong feelings in the matter. How- 
ever, until the true nature of the new mode of deforma- 
tion becomes clear, the author thinks that it is unwise 
to draw an analogy between it and normal kinking. 

The author based his conclusion that the u-bands of 
his paper are the same thing as the “fine kinks” of 
Pratt on the facts that both are found only upon com- 
pression parallel to the basal planes of zinc and both 
have the same crystallographic geometry. Admittedly, 
the microscopic appearance of the markings is not ex- 
actly the same. In the author’s opinion, this is a result 
of strain rate differences. 

Apparently, a misunderstanding exists in connection 
with Fig. 4. This figure shows a crystal that had been 
completely buckled. However, as is indicated in Fig. 3, 
macroscopic buckling did not begin until an appreci- 
able amount of plastic flow had already occurred, and 
most of the paper is concerned with happenings during 
the prebuckling stages of deformation. Thus, there is 
no inconsistency between Fig. 4 and Figs. 13 and 14. 


Fig. 17 — Micro- 
graph shows etched ke 
u-bands in a zinc 
crystal. X1000. | 
Area reduced ap- # 
proximately 45 pct ! 
for reproduction. 


which shows conclusively that u-bands, and probably 
fine kinks, are qualitatively different from normal kink 
bands. This evidence has been obtained by means of a 
special etching technique that will be described in 
detail elsewhere. Fig. 17 shows the characteristic ap- 
pearance of etched u-bands. They consist of regularly 
spaced pits that are oval in shape and have their major 
axes lying parallel to basal planes. Clearly, the dis- 
location distribution of Fig. 16 is inconsistent with the 
etched structure. 

On the other hand, the etched structure of Fig. 17 is 
not clearly related to the dislocation distribution of Fig. 
14b, although this distribution is not ruled out. The 
author thinks the nature of u-bands is not clear at the 
present time, and they should be viewed with an open 
mind. They may be a type of deformation band, they 
may be very fine twins, or they may be caused by uni- 
directional pyramidal glide. Perhaps the discusser, or 
the author, will be able to prove which possibility is 
correct at some future date. 


tN. F. Mott: Proceedings Physical Soc. B (1951) 65, p. 729. 
'5 J. Boswell: Life of Johnson. (1791). 


Viscous Flow of Copper at High Temperatures 


by A. L. Pranatis and G. M. Pound 


DISCUSSION, C. S. Roberts and F. L. Vogel, Chairmen 
A. P. Greenough (University College, Swansea, Eng- 
land)—The paper provides further experimental evi- 
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dence for the validity of the theory developed by Her- 
ring. However, it also recalls a problem still to be 
solved in this type of work. When experiments of this 
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nature are continued for a time longer than about 60 
hr, the reproducibility of the results becomes very bad. 
This was noticeable in the work which Greenough pub- 
lished;* and his further work since then, which has not 
been published, has not revealed the cause. In view of 
this, it is interesting to examine closely Fig. 2 of the 
paper under discussion. 

It is not clear from the text what accuracy is being 
claimed for the measurements. Assuming that the 
length in the specimens can be measured to +0.0003 in., 
a change in length can be measured to +0.0006 in., and 
therefore the strain on a 4 in. gage length can be 
measured to +0.00015. 

It should be possible to make any of the plotted 
points le on the line by a movement corresponding to 
changing the strain by less than +0.00015. At first sight, 
the last point plotted for specimens KL-F and KL-G 
does not fulfill this criterion, but in each case a small 
change in the position of the plotted line removes the 
discrepancy without introducing any inconsistency. 
Have the authors had any experience with the be- 
havior of their specimens over periods of longer than 
60 hr? 

In this connection, Tamman and Boehme” found that 
the deformation of their foils apparently ceased after 
about 15 min. However, it appears that in this case the 
foils would recrystallize on heating and that the ac- 
curacy of the experiments would be insufficient to de- 
tect the deformation of the annealed specimens if the 
final grain diameter were of the order of 0.005 in., as 
would be expected. The discusser is unable to comment 
on the work of Sawai and Nishida,’ " which he has so 
far seen only in abstract form. 


Is Fig. 1 a scale drawing of the apparatus used? If so, 
was any check made of the temperature distribution 
over the length of the specimen during a test? There 
must have been a fairly steep temperature gradient 
between the bottom of the specimen and the glass wool. 
Was the temperature inside the copper chamber uni- 
form? Finally, what precautions were taken to pre- 
vent the copper pins from sintering to the container 
during the course of a run? 

A. L. Pranatis and G. M. Pound (authors’ reply) — 
The authors wish to thank Dr. Greenough for his inter- 
esting comments. 

In all specimens strained for periods of time longer 
than 60 to 100 hr, strain rates unmistakably decreased 
but not to the extent that a limiting strain could be 
assigned. No explanation is offered beyond the sugges- 
tion of possible saturation of grain boundaries with 
vacancies. In several instances of long time straining, 
specimens broke intergranularly. The intergranular 
cavitation recently reported by Greenwood, Miller, and 
Suiter” is brought to mind. However, the specimens 
were not carefully examined at the time and no grain 
boundary porosity can be reported. 

The Kanthal furnace windings were spaced on an 
Inconel furnace tube to provide a hot zone that ex- 
tended several inches above and below the specimen. 
Temperatures along the length of the specimen did not 
vary more than 1°. 

Graphite smears at the copper interfaces were used 
to prevent the loosely fitting copper parts from welding 
together, often successfully. 


27 J. N. Greenwood, D. R. Miller, and J. W. Suiter: Acta Metal- 
lurgica (1954) 2, p. 250. 


Study of the Effect of Boron on the Decomposition of Austenite 


by C. R. Simcoe, A. R. Elsea, and G. K. Manning 


DISCUSSION, D. Turnbull and D. J. Blickwede, 
Chairmen 


Harry Udin (Massachusetts Institute of Technology, 
Cambridge, Mass.)—-The authors are to be congratu- 
lated for a fine piece of experimental work. Particu- 
larly valuable is their confirmation of the high surface 
activity of boron in steel, which has been suspected 
for austenite’ and has been demonstrated experi- 
mentally for liquid steel.” 

It is reasonably well established that the predomi- 
nant influence of boron on hardenability lies in inhibi- 
tion of ferrite nucleation brought about by boron ad- 
sorption on the austenite boundaries, with consequent 
lowering of the boundary free energy. However, the 
explanations for the effect of austenitizing temperature 
and for the inversion with increasing boron content 
are by no means clear. The authors assume that small 
additions of boron lower the strain energy at austenite 
grain boundaries by occupying high energy sites. 
Further additions are forced into less favorable sites in 
the boundary, thereby increasing the strain energy. 
That such atoms would attempt to enter the grain 
boundaries is extremely doubtful and probably not 
very important. 

Nucleation theory is based on the free energy of an 
interface and not on the strain energy contribution to 
free energy. On this basis, the authors’ arguments, as 
illustrated schematically by their Fig. 16, are untenable. 
Gibbs" proved that for a solvent-solute system 


— (d7/6z)r 


where I is surface excess of the solute, y is surface 
energy, and » is the chemical potential of the solute. 
This is a thermodynamic statement, holding independ- 
ent of the atomistic model of the mechanism of solute 


adsorption. 
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Fig. 16 shows dy/dce positive over the range A-P. 
Rewriting Gibbs’ isotherm in the form 


P= — (by/dc) 


it is seen that this can only happen if T or dce/dy be- 
comes negative, a highly unlikely state of affairs. For I 
to swing negative would require that the ratio of 
boron concentration at the boundaries to boron con- 
centration in the austenite crystals change from >1 to 
<1. This would appear impossible at boron levels of 
0.000x pct and would, further, invalidate the authors’ 
Figs. 17 and 18 and any reasoning based thereon. de/du 
can be negative only if the activity of the boron de- 
creases with increasing concentration. This is patently 
impossible for a system nearing boron saturation. 

A more likely explanation can be made on the basis 
of two more probable assumptions: 

1—Boundary energy increases with increasing tem- 
perature. This is the rule rather than the exception in 
solvent-solute systems where the solute is highly sur- 
face active. It is brought about by desorption of the 
solute, so it would be expected that the hardenability 
decreases at high austenitizing temperatures, followed 
by a gradual increase upon cooling to and holding at 
lower temperatures, as the desorbed boron diffuses 
back to the boundaries. 

2—The solubility of boron in austenite is nil. (This 
again is the rule for highly surface active solutes). 
Boron exists in supersaturated solution in austenite 
only because of the difficulty of nucleating the boride 
precipitate. When the boron content is made high 
enough to permit this precipitation, the dissolved 
boron is quickly stripped from both the grains and the 
grain boundaries, and the hardenability reverts toward 
normal, In terms of Fig. 16, this would mean that 
points A and P both coincide with the minimum of the 
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curve, but the precipitate is not detected at low boron 
concentrations. 

C. R. Simcoe, A. R. Elsea, and G. K. Manning 
(authors? reply)—The intermediate position of the 
boron atom between the size of the usual interstitial 
solute atom and the substitutional atom poses a prob- 
lem to any explanation of the effect of boron on harden- 
ability in steel. The explanation preferred by Udin, 
who extends the customary thermodynamic treatment 
for liquid solutions to the case of solid solutions, is not 
as straightforward as he would have it appear. 

The statement that “nucleation theory is based on the 
free energy of an interface and not on the strain energy 
contribution to free energy” is puzzling. It is true that 
Becker in his early papers used a simplified model of 
nucleation in solid solutions, in which the strain energy 
term was assumed negligible. Later refinements of 
solid-state nucleation theory, however, include strain 
energy considerations. Mehl and Dube’ discussed the 
role strain energy plays in nucleation and concluded 
that it must be taken into account. 

It may be of interest to point out that, in the Fe-Fe.B 
system™ at 850°C, the distribution coefficient changes 
from <1 to >1 as the boron concentration increases. As 
for the improbability of dc/du being negative, several 
examples exist of a decreasing activity with increasing 
concentration. For example, work on the Au-Ni sys- 
tem at Massachusetts Institute of Technology” has 
shown this effect. 

A necessary part of Udin’s suggested mechanism is 


that the solubility of boron in austenite be nil—that 
boron be present in austenite in a supersaturated state. 
He suggests that, once conditions become such that pre- 
cipitation occurs, “the dissolved boron is quickly 
stripped from both the grains and the grain boundary.” 
If Udin’s view were correct, it would follow that once 
precipitation of the boron compound had occurred the 
effect on hardenability would be permanently lost. Cer- 
tainly a precipitate cannot be dissolved in a solvent in 
which the solubility is nil. Yet it is known that the 
boron precipitate does redissolve when steel is subse- 
quently heated to the austenite temperature range. In 
fact, if it did not redissolve, the boron effect would 
never have been observed. All rolled, forged, or an- 
nealed steels are cooled (prior to hardening) in a man- 
ner that must insure precipitation of the boron com- 
pound. In general, the boron effect is realized regard- 
less of prior treatment. The only known cause for loss 
of the boron effect is oxidation of the boron. Udin’s sug- 
gested mechanism, therefore, appears to the authors to 
be untenable. 


16 J, C. Fisher: Influence of Boron on Hardenability of Steel. 
Trans. AIME (1954) 200, p. 1146; JourNaL or Metats (October 1954). 

i7Y. A. Klyachko et al.: DAN SSR (1950) 72; Butcher Transla- 
tion No. 2669. 

18S, Glasstone: Thermodynamics for Chemists. (1947) 1st Ed., p. 
245. New York. D. Van Nostrand and Co. 

19C, C. McBride, J. W. Spretnak, and R. Speiser: A Study of the 
Fe-FeoB System. Trans. ASM (1954) 46, p. 517. 

21, L. Seigle, M. Cohen, and B. L. Averhach: Thermodynamic 
Properties of Solid Nickel-Gold Alloys. Trans. AIME (1952) 194, p. 
1322; JournaL oF Metats (December 1952). 


Isoembrittlement in Chromium and Molybdenum Alloy Steels During Tempering 


by Gopalkrishna Bhat and Joseph F. Libsch 


DISCUSSION, D. Turnbull and D. J. Blickwede, 
Chairmen 


B. C. Woodfine (General Electric Co. (of England) 
Ltd., Erith, Kent, England)—Although the authors 
claim that for the AISI 5140 steel an attempt to relate 
the hardness and transition temperature at long tem- 
pering times leads to results opposite those proposed’ 
to explain the embrittlement of the plain carbon steel, 
Fig. 7 shows that, for the specimens of the AISI 5140 
steel tempered at 1200° and 1260°F (650° and 680°C) 
for both long and short times, there is a very good 
correlation between hardness and transition tempera- 
ture. This, in fact, leads to a similar conclusion with 
regard to the embrittlement at 1200° and 1260°F as was 
reached for the carbon steel, i.e., that the embrittle- 


40 


x Fig. 7—Good cor- 
relation between 
K hardness and tran- 
sition temperatures 
results in specimens 
of AISI 5140 steel 
tempered at 1200° 
and 1260°F (650° 
and 680°C) for 
both long and short 
times. Symbols 
represent: circles, 
1260°F; triangles, 
© anid 
crosses, 1100°F 
(590°C). 


w 
Si 


\ 

\ 


nN 


HARDNESS 


20 


-40 20 40 60 80 
TRANSITION TEMPERATURE °F 


1276—JOURNAL OF METALS, NOVEMBER 1955 


ment is the result of ferrite grain growth. At lower 
temperatures, 800° to 1000°F (425° to 540°C), the em- 
brittlement of the AISI 5140 steel is almost certainly 
due to intergranular temper embrittlement and would 
not be expected to show a correlation with hardness. 
At 1110°F (590°C), the results in Fig. 7 and Fig. 3 show 
that the two modes of embrittlement overlap with the 
intergranular embrittlement reaching a maximum after 
about 1 hr and then decreasing, while the ferrite grain 
growth embrittlement begins to be apparent after 
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Fig. 8—In specimens of AISI 4047 steel, the close correlation 
between hardness and transition temperature extends to speci- 
mens embrittled at 1100°F (590°C) as well as those em- 
brittled at 1200° and 1260°F (650° and 680°C). Symbols 
represent: circles, 1260°F; triangles, 1200°F; and crosses, 
1100°F. 
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Table V. Results of High Temperature Tempering Treatments on 
Development of Embrittlement in an Ni-Cr Steel Quenched Initially 
from 850°C (1560°F) 


Transition 
Temperature, Embrittlement, 
Treatment °C °c 

Tempered at 650°C (1200°F) —59 

or 
Tempered at 650° + 500°C +137 196 

(930°F) for 32 hr 
Tempered at 650°C (1200°F) —52 

for 50 hr 
Tempered at 650° + 500°C +56 108 


(930°F) for 32 hr 


about 10 hr. For the short times at 1100°F where the 
increase in transition temperature was due to inter- 
granular temper embrittlement, the results do not fall 
on the hardness/transition temperature curve obtained 
for the higher temperatures, Fig. 7; but for the longer 
times where the embrittlement is presumably entirely 
the result of ferrite grain growth, the points fit the 
curve very well. 

With the molybdenum steel which shows very little 
susceptibility to intergranular temper embrittlement, 
the close correlation between hardness and transition 
temperature extends to those specimens embrittled at 
1100°F as well as those embrittled at 1200° and 1260°F, 
Fig. 8. Thus, for the molybdenum steel, it is suggested 
that the embrittlement at temperatures above 1100°F 
is entirely due to ferrite grain growth and that from 
Fig. 4 this form of embrittlement would appear to over- 
lap with intergranular temper embrittlement at 1100°F. 

If the suggestion advanced previously in the dis- 
cussion to explain the authors’ data is correct, examina- 
tion of the relevant specimens should reveal: 1—that 
the brittle fracture of specimens embrittled at above 
1150°F (620°C) for the AISI 5140 steel and 1100°F 
(590°C) for the AISI 4047 is entirely cleavage, 2— 
that the brittle fracture of specimens embrittled below 
these temperatures is partly or wholly intergranular, 
and 3—that for specimens embrittled just below lower 
critical temperature there is good correlation between 
transition temperature and ferrite grain size. 

In regard to the authors’ comment that the high tem- 


perature tempering treatment may influence the subse- 
quent development of embrittlement at 900° to 1000°F 
(480° to 540°C), this has, in fact, been observed.’ With 
an Ni-Cr steel quenched initially from 850°C (1560°F), 
the results given in Table V were obtained. 

These results show that for this steel increasing the 
tempering time at 650°C (1200°F) from 1 to 50 hr only 
gives a slight increase in transition temperature due to 
ferrite grain growth, but that the same treatment has a 
very pronounced effect on the subsequent development 
of intergranular embrittlement at 500°C (930°F). 

Gopalkrishna Bhat and Joseph F. Libsch (authors’ 
reply) —Mr. Woodfine’s interpretation of the authors’ 
data leads to the same conclusions presented in the 
paper. For example, for the AISI 5140 steel two distinct 
regions of embrittlement occur: 1—just below the 
lower critical temperature and 2—in the region 800° 
to 1000°F, the two modes of embrittlement overlapping 
in the temperature range 1100° to 1150°F. 

The authors object, however, to the use of a hardness 
vs transition temperature plot for interpreting these 
data, since this would in effect appear to relate the 
transition temperature to the hardness per se, while, in 
fact, Mr. Woodfine relates the embrittlement at 1200° 
to 1260°F to the basic structural change involving fer- 
rite grain growth. Since this structural change is con- 
tinuous with temperature and time, it would be ex- 
pected that there would be a continuous change in 
hardness in the absence of noncontinuous structural 
changes having a marked influence on the transition 
temperature. As stated in the paper, an attempt to re- 
late the hardness per se to the transition temperature 
over the whole range of isothermal embrittling temper- 
atures (including 1000° to 900°F, etc., not shown by Mr. 
Woodfine) does not provide any definite relationship. 

The authors are pleased to note that Mr. Woodfine’s 
data indicate the influence of embrittlement just be- 
low the critical temperature upon subsequent em- 
brittlement in the region 900° to 1000°F. More exten- 
sive experiments in the authors’ laboratory, conducted 
in an effort to distinguish the two modes of embrittle- 
ment defined in the paper, likewise indicate a pro- 
nounced decrease in rate and degree of embrittlement 
at 900° to 950°F in an Ni-Cr steel after prior embrittle- 
ment just below the lower critical temperature. 


A Study of the Microstructure of Titanium Carbide 


by Herman Blumenthal and Ronald Silverman 


DISCUSSION, H. H. Hausner and G. T. Horne, 
Chairmen 


Claus G. Goetzel (Sintercast Corp. of America, 
Yonkers, N. Y.)—The authors are to be congratulated 
on the fine piece of work they have done on such a diffi- 
cult problem as the study of cemented titanium carbide. 
It is precisely the kind of investigation carried out by 
them which is needed to shed light on the very com- 
plex reactions and mechanisms involved in the sinter- 
ing of this type of material. 

The discusser would like to ask the authors several 
questions, the answers to which could possibly further 
help in understanding some of the findings reported. 
Why did they concentrate their work on a composition 
containing only 20 pct binder? Material of this type has 
been found to be extremely brittle and therefore of 
little interest as a possible material for commercial 
applications in jet engine blades and the like. 

In the discusser’s experience, the binder content also 
has some bearing on the microstructure and it would 
be interesting to compare such structures of low binder 
material with material prepared under identical condi- 
tions but containing binder phase in the order of 40 to 
60 pct. Undoubtedly, the texture would show some 
difference. Not only would the spacing between the in- 
dividual carbide grains be greater in general, but also 
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the shape of the carbide grains may be different. The 
discusser has found that high binder materials gener- 
ally tend to have more spheroidized titanium carbide 
grains. Such type of grains, in the discusser’s opinion, 
would be more desirable for a commercial product be- 
cause they would yield materials of greater ductility 
and mechanical and thermal shock resistance, thanks 
to a reduction of internal notch effects. 

It is hard to bring into agreement the apparently 
porous nature of most of the micrographs shown by the 
authors with their statement that most of the speci- 
mens were virtually 100 pct dense. Is it possible that 
the dark areas which are predominant in some of the 
micrographs are not porous but graphite precipitates 
or inclusions? 

There is also a question whether the coring reported 
is real or a relief effect. If the latter is true, there 
should be a hardness gradient apparent from the core 
of the grain to the case. Microhardness measurements, 
if possible on such a relatively fine grain size, would be 
most desirable as a means of finding at least a partial 
answer to this question. 

Finally, it should be mentioned that experience with 
cemented titanium carbides and other cermets has 
shown that transverse rupture strength data are often 
misleading and much influenced by specific testing con- 
ditions. While room temperature transverse rupture 
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data are meaningful in such brittle materials as 
cemented tungsten carbide whose field of application 
lies at relatively low temperature levels, the same can- 
not be said for materials which are to perform at 
temperatures above 1600°F. A variant, the modulus of 
transverse rupture test at elevated temperatures, 1.e., 
1600° to 2000°F, is an improvement, since it gives in- 
formation on the load-carrying capacity and deform- 
ability of the material at the higher temperature level. 
However, the method and rate of loading as well as the 
size of the specimens are critical, and greatly different 
properties can be established by varying the testing 
conditions. Thus, there is no reliable translation to 
short time tensile strength or stress-to-rupture tests, 
more conventional for high temperature alloys. 


In addition to the desirability of having information 
on hot tensile strength and stress-to-rupture strength of 
materials of the type discussed in this paper, it is also 
of great importance that their capacity to take sudden 
stresses and shocks is known and related to their 
microstructure. Conventional impact tests have been 
scaled down to take into account the much lower im- 
pact properties of the cemented titanium carbides and 
related materials, as compared to superalloys in com- 
mercial use today. In view of the fact that the impact 
properties of the titanium carbide materials are much 
more sensitive to structural changes than, for example, 
the static stress-rupture properties, it would be most 
interesting to have the authors continue their fine work 
and establish a relation between the different effects 
noted in the microstructure with the impact strength 
of the material. It should be kept in mind that work of 
the type discussed in this paper must, by necessity, re- 
main academic as long as it does not lead to a clear 
road to a marked improvement of the obvious short- 
comings of this type of material for commercial applica- 
tions in the high temperature field. 


John C. Redmond (Kennametal Inc., Latrobe, Pa.) — 
The authors have presented an interesting study of the 
effect of some variables on the microstructure and 
properties of comented titanium carbide compositions. 
However, it is to be regretted that the study was so 
limited as to the processing variables investigated and 
the criteria used to evaluate the effects of variables. 
The conclusions drawn cannot be applied to all titanium 
carbide-base cermets but are valid only for the narrow 
range investigated. 

Titanium carbide-base cermets which have transverse 
rupture strengths in excess of 250,000 psi are now 
being produced commercially, whereas the authors 
refer to “the high transverse rupture strength of 179,- 
000...” for their specimens produced with titanium 
carbide material B. Even with the same material A 
used by the authors and the same chemical composi- 
tion, viz, 20 pet Ni binder, strengths in excess of 200,- 
000 psi are being obtained regularly. This indicates 
that many variables not investigated by the authors, 
such as final particle size of the ball-milled mix, press- 
ing lubricant, and many other variables, as well as the 
effect of various binder compositions, have large effects. 
Thus, the results with the different titanium carbide 
materials might be in quite a different order of merit. 

The transverse rupture strength was, in the early 
stages of cermet development, a satisfactory criterion 
for judging the merits of compositions. However, for 
many uses for which cermets are being considered, other 
factors are far more important. A very important prop- 
erty is impact resistance. For a given transverse rup- 
ture strength, threefold variations in impact strength 
have been observed and these variations have been 
found to be related to microstructure. High tempera- 
ture strength, as measured, for example, by the stress- 
to-rupture test, is a necessity and can vary greatly with 
transverse rupture strength. All of these factors and 
more must be taken into account when evaluating tita- 
nium carbide-base cermets. 


Herman Blumenthal and Ronald Silverman (authors’ 
reply)—This paper is the offspring of a research proj- 


1278—JOURNAL OF METALS, NOVEMBER 1955 


ect, the aim of which was to investigate the effect of 
raw material production variables on the properties of 
titanium carbide. Investigation of the influence of a 
variation in binder content was not within the scope of 
the project. The intention was to compare commercial 
grades of titanium carbide and determine their prop- 
erties as functions of production procedure and chemi- 
cal composition. For this reason, the initial pieces were 
made without any binder. When it was found that this 
was not feasible, first 10 and finally 20 pct binder were 
added. The latter amount was used as a standard com- 
position in this investigation. This relatively low 
binder content was deliberately chosen in order not to 
cover up the characteristics of the original titanium 
carbide. A higher binder content might easily have 
leveled off those differences which the authors were 
eager to demonstrate. The fact that different grades of 
titanium carbide, with 20 pct binder, show different 
structures proves that this leveling off did not occur. 
Angular grains cannot be considered to be characteris- 
tic of 20 pct binder content; the authors found that 
pieces containing 40 to 60 pct binder did not always 
show spherical grains. Depending on the nature of the 
binder, these pieces showed either spherical or rec- 
tangular grains with rounded edges. 

The preparation of specimens for microscopic inves- 
tigations often leads to difficulties. Grinding and polish- 
ing were sometimes troublesome. During these opera- 
tions, particles were often ripped out, causing the ap- 
pearance of porosity in dense pieces. Densities were 
determined by water displacement or pycnometrically 
when the pieces were small. Chemical analyses showed 
little or no free carbon; the materials were very pure. 

As far as coring is concerned, the authors are quite 
sure that this phenomenon is not a relief effect. Speci- 
mens were repolished and re-etched up to six times and 
the effect was still there. Furthermore, it always ap- 
peared in certain materials after certain treatments 
and never in others. Some micrographs show up to 10 
pet of the total consisting of this condition. If this 
would be another phase and not titanium carbide, it 
should show up in X-ray patterns, which it never did. 
The suggestion to test the hardness gradient was con- 
sidered but was given up as too time-consuming. 

Transverse rupture strength was used as a repre- 
sentative physical property because it is so easy to 
determine and because it is very sensitive to changes 
in microstructure. There is no reason why another 
physical property could not be used instead if it is as 
sensitive to microstructure changes as is transverse 
rupture strength. It would be interesting to find out if 
similar relationships exist between microstructure and 
other properties, especially elevated temperature prop- 
erties, such as the relationship shown between micro- 
structure and transverse rupture strength. Such basic 
research is necessary in order tu overcome the short- 
comings of this type of material for commercial ap- 
plications. 

It must be admitted that, as far as processing vari- 
ables are concerned, this investigation was quite limited. 
The aim was, however, to compare the products of 
various manufacturers under the same conditions. No 
claim was made that the conditions used were optimum 
conditions. Better physical properties were obtained by 
using the best conditions for each material. This, how- 
ever, did not permit proper comparison. Such a deter- 
mination of optimum conditions, while very valuable, 
would have involved an additional investigation for 
which there was not enough time. 

The reason for using transverse rupture strength as a 
criterion has been explained before. From a com- 
mercial point of view, impact resistance of titanium 
carbide-base materials is undoubtedly more important, 
but the aim of this project was primarily to improve 
the basic understanding of this material. This paper 
does not attempt to give a final evaluation of the in- 
vestigated grades of titanium carbide. For such a com- 
mercial evaluation, elevated temperature and impact 
tests would, of course, be necessary. 
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Wet aud Ong Filtration Studies 


Electric Furnace Ferrosilicon Fume Collection 


Ree of many urban centers are becoming 
increasingly aware of the obscuring effect of 
fume and smoke discharge from power, metallur- 
gical, chemical, and other industries; and they, as 
well as the legislatures of these affected cities, are 
agitating for cleaner air. Management’s most press- 
ing problem is to find an economical way to reduce 
process effluents in response to the growing pressure 
from population and legislative demands. The re- 
moval must be done, if possible, without handicap 
to the current operation, since the costs of relocating 
are often excessive or prohibitive. 

In fume recovery or disposal, an important item 
to consider is whether or not the material being dis- 
charged has any value. If it has commercial value, 
the cost of its recovery may offset or aid amortiza- 
tion. For this reason, in making a study of the 
specific problem in hand, a major factor was the 
nature of the material emanating from the stack: 
in particular, its particle size, size range, and its 
chemical and physical composition, as well as its 
potential value and utility when recovered (in either 
a wet or dry state). Should the product have no 
commercial value, it must be disposed of at mini- 
mum cost in a way to prevent recontamination. 

Initial studies were therefore made to determine 
stack concentrations and volumes of material evolved 
from the operations. The next phase of the study 
concerned the physical and chemical nature of the 
collected fume. The third portion of this paper de- 
scribes the wet and dry collector studies undertaken 
to recover the fume. 


Cleaning Requirements for Ferroalloy 
Furnace Operation 

The basic need for any effluent collection equip- 
ment is the highest possible efficiency and the low- 
est tolerable resistance when the power consumption 
involved is considered. Since the electric furnace 
effluent is largely composed of fume of small size 
(less than 0.54), it has high light obscuring prop- 
erties, and even low concentrations will cause some 
loss of visibility and be evident to nearby residents. 
The permissible limit for fly ash emission in many 
cities is based on a weight value (viz, approximately 
0.4 grains per cu ft), but the smoke density values 
are dependent upon a shade of color. In the case of 
the Los Angeles County code, emission is restricted 
to pounds per pound of material processed per hour 


L. SILVERMAN is Associate Professor of Industrial Hygiene En- 
gineering, School of Public Health, Harvard University, Boston, and 
R. A. DAVIDSON is Chief Engineer, Vanadium Corp. of America, 
Niagara Falls, N. Y. 

Discussion of this paper, TP 4153D, may be sent, 2 copies, to 
AIME by Feb. 1, 1956. Manuscript, Feb. 1, 1954. New York Meet- 
ing, February 1954. 
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basis (but not exceeding 40 lb per hr for any one 
given plant operation). 

If an average particle size of the fume from ferro- 
silicon alloy electric furnaces is assumed to be 0.4u 
(as shown later, this is the approximate mean size) 
and an average loading of 1 grain per cu ft (stp), 
each cubic foot of stack gas will contain approxi- 
mately 75x10" particles (based on assumed, and 
confirmed, spherical shape and a standard deviation 
of unity). When it is realized that the air in metro- 
politan areas, which are also general industrial 
areas, contains approximately 5x10° particles, the 
tremendous light scattering effect of this concen- 
tration becomes apparent. Consequently, nearly 100 
pet collection would be necessary to equal the 
average concentration. Fortunately, however, dis- 
charge from a high point above ground (50 to 100 
ft) will result in at least a thousandfold dilution, or 
the stack concentration reaching the ground in the 
foregoing case might result in a ground concen- 
tration of 75x10‘ particles. If the concentration at 
the source could be reduced by a factor of 100 (99 
pet efficiency of collection), then a concentration of 
75x10° particles: would be diluted to 7.5x10° which 
would be very satisfactory. An efficiency of 90 pct 
(factor of 10 decontamination) at the source would 
result in a discharge of 75x10° particles which upon 
dilution yields 75x10° which is still 15 times the 
general air value. Another approach to this con- 
sideration is to use the value of concentration of 
0.005 grains per cu ft for the value of a visible 
effluent as cited by Kayse.* To attain this value with 
an average loading of 1 grain per cu ft would re- 
quire an efficiency of 99.5 pet. Since the foregoing 
value is not based on any reported size of fume 
particles, it is felt that the numbers’ approach given 
previously is more reliable. 

These calculations serve to indicate the desirability 
of thorough cleaning, preferably at the source, and 
with efficiencies well above 90 pct, preferably above 
95 pet (dilution 1:20). One of the most important 
items in any control program is to reduce the con- 
centrations as close to their sources as possible. The 
use of better furnace design, deeper coverage over 
the electrodes, and the prevention of blows or breaks 
in the surface all help to reduce dissemination; con- 
sequently, all of these improvements should be made, 
if possible, to cut down the effluent load. In addi- 
tion, in order to minimize the volume of contam- 
inated air that has to be cleaned, the furnace should 
be enclosed as much as possible. 


Test Arrangements 


Before fundamental studies with collectors were 
made, a furnace stack selected for the test program 
was sampled to determine the gas temperatures and 
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Fig. I1—In order to determine the gas tem- 
peratures and volumes discharged and fume 
loadings at different points, the furnace 
stack was sampled at the locations shown 
in the schematic drawing. Taps were made 
at 10, 20, and 30 ft in the stack. The ex- 
perimental dust collecting unit, as well as 
the stacks, is shown. 


SAMPLING 
INLET 


LIANOVIE TER 
PIEZOVIETER RINGS 


volumes discharged and the fume loadings at differ- 
ent points. Taps were made at 10, 20, and 30 ft in 
the stack as shown in Fig. 1. Samples were obtained 
with the stack sampling device shown in Fig. 2 and 
described in detail elsewhere.” Twenty samples were 
obtained and analyzed for loading and particle size; 
mean results are presented in Table I. Mean load- 
ings over a typical period of operation varied widely 
from 0.5 to 2.7 grains per cu ft with an overall mean 
of approximately 1 grain per cu ft. Stack tempera- 
tures ranged between 240° and 330°C. Little effect 
of point of take-off on temperature or loading was 
observed. 

These data indicated it was desirable to branch 
from the stack at the 20 ft level in order to get am- 
bient air cooling and to take advantage of elutria- 
tion or settling in the stack. The arrangement and 
location for the wet collector was made so that other 
devices could be inserted into the line for test pur- 
poses. An equal connection to both stacks was made 
as indicated in Fig. 1. This arrangement made it 
possible to observe a number of conditions. All of 
the air could be withdrawn directly from the stack 
or air could be obtained at varying temperatures 
and loadings by opening the dilution bypass valve, 
a flexible arrangement for varying both temperature 
and loading. To obtain uniform isokinetic sampling, 
a sufficient number of diameters (8 to 12) were pro- 
vided before the sampling point upstream of the 
collector installation and downstream of the collec- 
tor. The two ducts were provided with Stairmand 
disks,® devices which provide a constant turbulence 
and a uniform cross-sectional loading at the samp- 
ling point. Single samples could then be taken 
which are representative of the cross-stream load- 
ing. In this initial test arrangement, it was possible 
to study the scrubber and at the same location dry 
collectors or any other units for experimental 
evaluation. 


Particle Size and Chemical Composition 


A number of the samples indicated in Table I 
were analyzed for size and composition. Optical 
microscope sizes were made with oil immersion and 
it was apparent that a number of the particles were 
probably far below the visibility range even though 
mean sizes were found by extrapolation from 0.2 
to 0.54. These particles were not sized under the 
electron microscope in this investigation but sam- 
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ples of fume from a similar furnace had a mean par- 
ticle size of 0.34 by electron micrograph analysis 
which agreed quite well with the optical sizing. The 
optics indicated that the particles were spherical 
and this was also easily evident in the electron mi- 
crographs. Examination of samples at several 
thousand diameters indicated that the silica fume 
was completely spherical and formed chains. This 
chaining action could account for the extremely fine 
particles, i.e., those less than a thousandth of a mi- 
cron, which could be seen in the background form- 
ing larger aggregates which also appeared in the 
light microscope as spheres close to the limit of 
resolution. 

Under normal furnace operations, the particle size 
distributions with a mean geometric dimension of 0.3 
to 0.44 represented average conditions. Particle sizes 
varied from 0.01 to 44. During blows or breaks in 
the furnace surface, particles as large as 40% were 
obtained and identified. These were presumably 
carried up the stack, since the velocity was ap- 
proximately 2000 ft per min. This would sustain 
particles much larger than 200z. 

A study of the chemical properties of the mate- 
rial indicated that fume from 50 pct ferrosilicon 
furnace operation showed a loss on ignition of 
approximately 1.3 pct, and at least 92.8 pct was in 
the form of dehydrated silica. Optical analysis in- 
dicated that the material was predominately amor- 
phous silica with traces of iron oxide and it con- 
firmed the chemical analyses. 

In addition to the chemical and physical analysis, 
spectrographic* and X-ray diffraction analyses 


* Spectrographic analyses were made at the Philadelphia (Eddy- 
pene) laboratory, Vanadium Corp. of America, by David W. Hen- 
orn, 


were made. Fume samples indicated the presence 
of silicon, iron, aluminum, calcium, magnesium, 
manganese, copper, and titanium. Lead, tin, and 
zinc were present in trace amounts and sodium 
was present in slightly larger than trace amounts. 
The percentage of silica varied between 63 and 88 
for three different fume samples, whereas the iron 
concentration varied between 8 and 25 pct. The 
bulk of the sample, therefore, by spectrographic 
analysis is in the form of silicon and iron. By 
weight conversion, in terms of silica as silicon di- 
oxide and iron as iron oxide, calculation indicates 
the material was in the form of these oxides. A 
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Fig. 2—Device, described in detail elsewhere,” used for stack 
sampling at the locations indicated in Fig. 1 is shown in this 
schematic diagram. The unit utilizes paper or glass cloth and 
fiber thimbles. Diameters of the upstream sampling nozzles 
are 0.214, 0.247, and 0.295 in.; diameters of the downstream 
sampling nozzles are 0.369, 0.422, and 0.519 in. Other speci- 
fications are given.in the diagram. 


comparison with the furnace product ferrosilicon 
materials showed that some elements present in 
the ferrosilicon alloy did not appear in the fume. 
These included chromium, carbon, nickel, phos- 
phorus, and sulphur. These materials, in a reducing 
atmosphere, apparently do not volatilize and appear 
as aerosols. They could also have been adsorbed as 
gaseous materials on the fume and disappear under 
normal spectrographic procedures. 

To determine if the silica was in the form of SiO, 
SiO., or possibly as elemental silicon, an X-ray dif- 
fraction analysis was made on the spectrograph 

+ Analyzed by C. S. Hurlbut, Harvard Mineralogic Laboratory. 


fume samples. 

X-ray diffraction analysis indicated that the fume 
samples were completely different from the ground 
ferrosilicon. Three fume samples that were studied 
indicated the presence of a small amount of quartz. 
This free silica could be material carried from the 


furnace during blows or by normal entrainment of 
atmospheric dust which did alter its crystalline 
structure. None of the fume samples indicated the 
presence of ferrosilicon but a crystalline material in 
the fume was present in traces which could not be 
identified. The X-ray diffraction library used is ex- 
tensive and comparisons were made with iron ox- 
ides, iron silicates, calcium silicates, and calcium 
carbonates; and many other potential compositions 
were unsuccessful. Crystalline substances, however, 
were only present in small amounts and do not con- 
stitute a problem which could affect material purity. 

In addition to the foregoing tests, some simple 
physical and chemical measurements were made. 
The bulk density of the collected material was quite 
low and varied between 4 and 10 lb per cu ft. This 
varied, with aging, compacting, or degasifying, and 
any of these could increase the bulk density several- 
fold. Dispersion of fume in triple distilled water 
indicated a solubility between 1% and 4 pct, de- 
pending upon whether the sample had been col- 
lected before or after the wet collecting unit. Sur- 
face tension depression of the fume in solution was 
observed with capillary surface tension apparatus. 
The material apparently has some detergent effect 
and produced a 10 pct reduction in surface tension. 
The pH of the dispersion was slightly basic and 
varied between pH 8.2 and 9. 


Wet Collector Studies 
A pilot-size spray-type scrubbert rated at 4000 


+ Hydraulic Scrubber from Buffalo Forge Co. was used. 


cu ft per min capacity was obtained for wet collec- 
tion studies. This unit, shown in Fig. 3, is a steel 
tower 4 ft diam and 15 ft high with a round inlet 
(later changed to rectangular) at the bottom. The 
entering air stream circulates centrifugally through 
this tower past a series of nozzles which project 
across the circulating air stream at various locations. 
A Christmas tree central manifold made it possible 
to place a number of nozzle locations, orientations, 
and types of nozzles in the circulating vertical air 
stream. In the usual scrubber of this type, nozzles 
are mounted at the wall, but with this unit such 
location can be made from the inside. A number of 
tests were made with variable nozzle conditions. 
The effect of nozzle pressures and subsequent drop- 
let sizes were also investigated. 

A baffle top was provided which could be re- 
moved and replaced with various types of final sep- 
arators and eliminators. In this study, the perform- 


Table I. Stack Loadings and Sizes During Typical 50 Pct Ferrosilicon Alloy Operations 


Particle Size 


Loading, 

Sample Furnace Grains per Mean, Standard 
Nos. Location Condition Cu Ft, Stp Microns Deviation 
1 In stack, 10 ft above furnace 45 min before tap 1.32 0.2 to 0.3 2to 4 

2 At tap time 2.05 — 
At tap time 1.94 
Mean 1.79 
In stack, 20 ft above furnace At tap time j 1.06 a3 a 
20 min after tapping 0.42 at 
6 1 hr 45 min after tapping 2.33 a eer 
9 End of tapping 0.84 — —— 
13 During tapping 0.84 
17 During tapping 0.74 — = 
18 During charging 
20 During tapping 0.52 0.53 OD) 
Mean 1.06 
tack, 30 ft above furnace At tap time 0.11 —. — 
a ea At tap time (blow through) 2.72 0.18 to 0.28 2 to 4 
12 At end of tap 
19 During tapping 1.99 0.43 2.2 


(blow through) 
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Table Il. Wet Collector Studies—Experimental Hydraulic Scrubber 


Collector Conditions, Range 


Nozzle Pressure 


Loading Range 


Air Flow, Pressure Leaving and Flow Grains per 
Num- Cfm, Loss, In. of Entering Tem- Cu Ft, Stp Efficiency 
ber of Stp, Water Tempera- pera- Air, Water, Water, Range, 
Series Tests Range Range ture, °C ture, °C Psi Psi Gpm Inlet Outlet Wt, Pct 

B 8 2800 1.9 to2.2 150 to 180 20 to 27 30 9 to 13 3.0 to 5.0 0.144 to 1.675 0.077 to 0.530 46.4 to 77.2 
E 5 2800 ala 160 to 165 22 to 25 30 19 10 0.506 to 1.50 0.141 to 0.407 66.5 to 81.4 
F 4 2800 0.54 to 0.62 160 27 to 28 15 13 to 15 8.5 0.980 to 2.01 0.289 to 0.677 42.6 to 78.6 
G 9 2800 0.52 145 17 25 14 to 15 8 0.335 to 0.856 0.078 to 0.266 37.3 to 85.6 
H 5 2800 0.38 160 50 — 15 to 20 303.75 0.139 to 2.27 0.153 to 1.50 9.5 to 55.0 
J 5 3260 0.8 160 80 0.64 to1.77 0.58 to 1.08 9.9 to 39.4 
K 5 2800 15 160 24 to 25 30 30 12.6 to 15.0 0.497 to 1.04 0.157 to 0.409 58.4 to 68.4 
M and N 10 2800 to 3010 0.5 tol.1 170 to200 33 to 40 30 14 to 20 4.7 to 5.0 0.35 to 3.95 0.14 to 1.05 50.0 to 73.1 
O and P 9 2800 0.45 to 1.25 165 to180 34 to 44 30 20 1.2 to 8.6 0.16 to 1.04 0.038 to 0.585 22.1 to 76.0 
Q 5 2800 2.7 to 3.0 160to170 31to 34 30 16 8.3 0.339 to 2.31 0.044 to 0.24 84.7 to 87.5 
Ss 3 2800 0.55 167 to 173 =. 31 to 32 28 18 £35) 0.73 to 1.610 0.085 to 0.433 70.0 to 95.0 
Vv 5 2800 0.96 to 2.85 97 to 155 10 to 19 _— 400 20 0.583 to 1.600 0.028 to 0.365 77.0 to 95.3 
x 6 1650 5.2 to6.8 130 to 168 12 to 17 _— 400 20 0.483 to 5.70 0.120 to 1.02 56.0 to 82.2 
6 2590 0.64 to 0.68 160 to192 21 to 24 — 400 20 0.518 to 1.645 0.167 to 0.588 53.9 to 64.2 

Z uf 2630 2.3 to2.6 160t0177 821 to 23 —_— 400 20 0.394 to 2.188 0.167 to 0.934 47.3 to 75.9 
A-1 6 2650 2.3 to2.6 170 to 220 16 to 28 — 400 20 1.202 to 5.340 0.433 to 2.030 58.5 to 63.8 
D-1 6 2800 1.9 to 3.0 137 to 163 7to8 — 400 20 0.561 to 2.085 0.154 to 1.172 43.7 to 77.8 
G-1 5 2800 7.2 to 7.4 140 to 148 5 — 400 20 0.463 to 1.742 0.091 to 0.237 80.4 to 88.4 
I-1 10 2760 0.48 163 to 173 9 to 10 — 400 20 0.220 to 2.120 0.026 to 0.356 78.9 to 88.3 
K-1 5 2760 0.38 to 0.40 148 to 152 8 to9 ms 400 20 0.163 to 1.475 0.035 to 0.226 78.6 to 84.7 
M-1 7 2630 0.77 to 0.78 171 to 186 18 to 19 —_ 400 20 0.399 to 0.910 59.6 to 67.8 


1.015 to 2.820 
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Table II. 


Con’t. 


Remarks and Observations on Test Arrangements 


Nozzle 
Positions 


Description 


A—20° from tangent 
B—10° down 
C—10%% in. from wall 
D—Equal distances 
E—90° apart 


A—Tangential 
B—10° down 

C—10% in. from wall 
D—Equal distance 
E—90° apart 


Same 


A—Tangential 
B—45° up 

C—10% in. from wall 
D—Equal distance 
E—90° apart 


A—Tangential 
B—Horizontal 
C—10 in. from wall 


A—Tangential 
B—Horizontal 
C—10 in. from wall 
D—Lower 12 nozzles 
through 270° 
of turn 
E—Top 28 at 90° 


Same as M only 
lower bank of 
12 operated 


Nozzles same as E 


Fishtail inlet, baffle top, 40 air-jet tar- 
get nozzles spaced over entire height 
of tower. Average efficiency 59.8 pct 


40 air-jet modified nozzles (target re- 
moved, water jet retracted); round 
niet only. Average efficiency 74.3 
pe 


Same as E but with reduced air and 
water pressures. Average efficiency 
64.5 pet 


Circular inlet, baffle top, 40 modified 
nozzles (as in E); considerable car- 
ry-over in these tests. Average effi- 
cieney 64.0 pct 


Cooling spray only, Buffalo nozzles 
placed 6 in. from flange into col- 
lector, spray was concurrent to flow. 
Average efficiency 18.5 pct 


No nozzles or piping; operated as dry 
cyclone. Circular inlet; baffle top. 
Average efficiency 23.5 pct 


Circular inlet, baffle top, 40 air-jet 
modified nozzles (see G). Modified 
nozzles concentrated in lower third 
of tower. Average efficiency 62.1 pct 


Rectangular inlet, Fiberglas basket 1 
in. thick filter top (fiber size 100y) 
with washdown sprays; lower 12 
nozzles; spraying systems set-up No. 
23 located in first 270° of circumfer- 
ence. Other nozzles Buffalo modified 
as K. Average efficiency 60.1 pct 


Rectangular inlet; Fiberglas basket 
cone frustum filter top as above; 
only 12 lower nozzles in operation; 
resistance increased throughout test 
indicating plugging of filter top. Av- 
erage efficiency 43.6 pct 


Rectangular inlet; Fiberglas basket 
cone frustum filter top filled with 
mixed 10 to 250 glass fibers; spray- 
ing system nozzles replaced with 
modified Buffalo air jets; resistance 
did not level off. Average efficiency 
86.1 pct 


in. Owens-Corning Fiberglas in bas- 
ket compressed to 5 in.; 28 hr con- 
tinuous operation; 40 air-jet nozzles. 
Average efficiency 76 pct 


Changed to John Bean No. 242; pene- 
trating spray nozzles (40 nozzles) at 
end of 183 hr. Average efficiency 83 
pet 


Same basket as above; 200 hr opera- 
tion. Average efficiency 70 pct 


Basket packed with 2504 Fibergias 6 
in. compressed to 4.5 in.; 40 John 
Bean nozzles, 3 hr service on basket. 
Average efficiency 61.4 pct 


Same basket as above with 28 hr of 
operation, most of bottom_ spray 
bank plugged. Average efficiency 
57.3 pet 


Resistance across unit reduced from 10 
to 2.2 in. water gage before test; 
washdown sprays in operation dur- 
ing test. Average efficiency 60.6 pct 


Same basket as above with 44 hr serv- 
ice. Average efficiency 73.8 pct 


Test run after washing basket; unit 
resistance lowered from 9 to 7.2 in. 
water gage; 48 hr service on basket. 
Average efficiency 84.2 pct 


Basket packed with 4 layers of 
Owens-Corning 2504 Fiberglas com- 
pressed to 3% in.; 24 hr of continu- 
ous service on new basket at time of 
test. Average efficiency 82.3 pct 


Same filter basket as I-1 and 96 hr of 
continuous service. Average effi- 
ciency 81.8 pct 


New basket as above; 96 hr service on 
filter. Average efficiency 62.1 pct 


TRANSACTIONS AIME 


ance of a number of types of final separators and 
Fiberglas filters was obtained; see Fig. 4. In eval- 
uating the wet scrubber performance, a series of 46 
different test arrangements were investigated. With 
each arrangement at least 5 individual runs were 
obtained and averaged. The test conditions, with 
results obtained, are indicated in Table II.§ 


§ Table II is a condensed version of the data obtained, giving 
only salient values. The complete Table II has been deposited as 
Document No. 4701 with the ADI Auxiliary Publications Project, 
Photoduplication Service, Library of Congress, Washington 25, D. C. 
A copy may be secured by citing the document number and by re- 
mitting $1.25 for photoprints or $1.25 for 35 mm microfilm. Advance 
payment is required and checks or money orders should be made 
payable to: Chief, Photoduplication Service, Library of Congress. 


It will be seen from the complete Table II that 
practically all possible physical arrangements of the 
scrubber were evaluated. Conclusions presented in 
this report are based on results obtained with the 
variable conditions observed. During these tests, a 
wide variety of furnace conditions were encount- 
ered. A 50 pct ferrosilicon alloy was in production 
at all times with typical fume conditions resulting 
from normal operations. Occasional blows in the 
furnace were an integral part of the sampling con- 
ditions. As mentioned previously, the effect of 
blowing and furnace operations affects the grain 
loading of the fume as well as its particle size. This 
would therefore account for variability in each test 
series. Early in the study, it was observed that a 
fishtail inlet inserted in the round inlet was ineffec- 
tive and was removed. The circular inlet was later 
changed to a tangential rectangular opening and 
observations were made with an inlet velocity of 
4000 fpm. 

Based on the wet collector studies, the following 
conclusions may be drawn: 

1—This device, with optimum nozzle location, 
type, and pressure conditions, provides a simple col- 
lecting unit of low resistance (less than 2 in. water) 
with a maximum collection efficiency of approxi- 
mately 70 pct. 

2—Higher efficiencies were obtained by adding to 
this unit a Fiberglas conical basket separator with 
various packings, but it was found that this soon 
plugged and could not be maintained in continued 
operation without removal and replacement. It thus 
would be impractical for large scale use. The mate- 
rial caught on the filter set into a hard crust which 
could not be removed by washing if allowed to dry. 

3—The wet collector appears to provide a satis- 
factory method of reducing effluent gas temperature 
and providing a discharge at air temperature. 

4—The wet collector condition with the highest 
performance utilized the high pressure nozzles and 
a high pressure pump producing 400 psi. It was 
found that the use of pneumatic atomizing nozzles 
apparently resulted in low efficiencies because their 
droplets were too small to have sufficient trajectory. 
It is apparent from this study, as well as others, that 
droplets in the range of 50 to 100m are necessary for 
projection across the gas stream. 

5—Nozzles which utilized air and water (air-jet 
nozzles) can provide comparable recovery to the 
high pressure nozzles. The power consumption of 
the air-jet nozzles, however, was severalfold as 
compared to the high pressure hydraulic nozzles. 
For this reason, it is considered uneconomical to 
utilize air-water nozzles for collector spray produc- 
tion. It was also determined that the air-jet nozzle 
air consumption was a significant proportion of the 
total volume through the wet collector. 

6—Wet collection produced a wet sludge which 
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Fig. 3—For wet collection, a pilot-size spray-type scrubber, rated at 
4000 cfm, was obtained. This Buffalo hydraulic fog scrubber is 
housed in a steel tower 4 ft diam and 15 ft high. Diagram shows 
the schematic arrangement of the test equipment, and the cross- 
section of the wet scrubber is shown in detail. 
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Fig. 4—Second diagram of the scrubber unit shows the schematic 
arrangement of the Fiberglas pack as a final separator in the spray 
tower unit. By providing a removable baffle top which could be 
replaced with various final separators and eliminators, the per- 
formance of a number of types of final separators and Fiberglas 
filters could be evaluated. 


would be difficult to redisperse. The wet sludge 
would only have commercial value as fill for land 
leveling purposes unless it were dried and milled. 
7—The wet collector studies also indicated that 
the baffle and impingement methods used did not 
prevent water carry-out. A considerable amount of 
water passed to the blower except when Fiberglas 
filters were used. Unfortunately, these proved im- 
practical because of plugging in continued operation. 
8—Nozzle orientation was not critical on perform- 
ance. The most effective nozzles appeared to be 
those projecting across the inlet of the collector. 
9—The study of the collector operated dry (as a 
large cyclonic unit) indicated 28 pct removal 
(mean) could be obtained. 
10—Difficulties were encountered with nozzle 
plugging and it was apparent that for continued op- 
eration a source of filtered water was desired. Based 
on the types of nozzles utilized in this study, it be- 
came apparent that the fume-laden water could not 
be recirculated through the unit without treatment, 
and fresh or well filtered water was necessary. 
11—The best performance was obtained with a 
water:air ratio of 1 gal per 130 cu ft air. On full 


1332—JOURNAL OF METALS, DECEMBER 1955 


scale, this is approximately 7.7 gal water per 1000 
cu ft air cleaned. Water requirements, therefore, 
are considerably higher for 70 pct fume removal 
than for the usual desired minimum of 1 gal per 
1000 cu ft air. It must be recognized, of course, that 
much of this water could be filtered and reused, but 
this involves treatment costs. 

12—Tests were not sustained long enough to de- 
termine the mechanical operating performance of 
the unit for extended periods. Other applications 
have indicated that this type of device can operate 
for long periods without difficulty if a satisfactory 
water supply is available to avoid plugging of the 
spray nozzles. 

13—Without the Fiberglas basket, the resistance 
of the unit could be maintained between 1.5 and 2.0 
in. of water, although it must be recognized that 
some of the power expended in pumping water is 
utilized in obtaining this resistance value. 


Studies with Dry Filters 

Based on the authors’ previous experience with 
filtering devices for general dust problems and the 
widespread use of wool fabrics in the nonferrous 
smelting industry, filtration through wool cloth 
could yield the high efficiencies desired for silica 
fume collection. Using wool, however, leads to tem- 
perature problems, since partially hooded electric 
furnace stack temperatures reach values of 350° to 
400°C, and much higher, when completely hooded. 
In bag filter applications in the smelting industry, 
gases are cooled in a water spray chamber before 
entering the bag house. The water spray is con- 
trolled to avoid dew or condensation on the bags. 
With this arrangement, gases with initial tempera- 
tures of 400° to 700°C have been successfully fil- 
tered through wool cloth at efficiencies well over 
99 pct. The major limitation to filtration through 
wool bags in the smelting industry has been the 
large size of the installation required because the 
filtering rate has to be maintained at 2 fpm or less 
for satisfactory recovery at economical resistances. 

The recent development of the reverse-jet prin- 
ciple for dust recovery* indicated that this device, 
which utilizes a pressed wool felt bag with a high 
velocity blow-back ring, has potential application in 
ferroalloy fume recovery. A pilot unit of this type 
was therefore investigated and a series of tests, 
which utilize three distinct procedures for possible 
application to the stack problem, were initiated. 

Air Dilution: One procedure that can be employed 
to reduce the gas temperature is dilution with air; 
see Fig. 1. This requires that a much greater volume 
of gas and air be filtered with a comparable decrease 
in fume loading but with no fundamental change in 
the amount of material collected per unit time. The 
advantage of air dilution would be its simplicity; 
however, on an economic basis, it becomes apparent 
that filtration with air dilution requires installations 
two to three times the physical size of those used 
when no dilution is involved. 

The dilution volume, of course, depends upon the 
temperatures involved. A straight linear relation- 
ship can not be assumed, however, since with the 
reverse-jet filter it is possible that higher volumes 
of air per unit area of cloth (capacity) can be ob- 
tained at reduced loading. Studies with the reverse- 
jet filter were made in order to determine if filtra- 
tion rates as high as 10 to 15 fpm (cfm per sq ft of 
cloth area) could be obtained at reasonable resist- 
ances. 
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The test arrangement for the air dilution studies 
is shown in Fig. 1. A pilot model** was studied. 


** Aeroturn Reverse Jet Filter, manufactured by Turner and 
Haws, was used. 


The unit had an effective filtering area of 69 sq ft 
of cloth. Thus, at 15 cfm per sq ft, it could handle 
1035 cfm. A bypass damper admitted ambient air to 
the test duct at a point far enough from the collector 
inlet to permit good mixing; hence, air dilutions in 
various ratios could be readily obtained. 

The results obtained at 3:1 dilution using wool 
felt in the collector are shown in Table III. The 
authors intended to study filter capacities (cfm per 
sq ft of filter surface) at values of 20, 15, and 10; 
but, because of limited blower capacity, it was not 
possible to attain the highest value. Each test rep- 
resents the mean of several samples taken over sev- 
eral hours of operation. 

Table III indicates that the following conclusions 
may be made with regard to air dilution using a 
wool felt medium and reverse-jetting on silica 
fume: 

1—With atmospheric air dilution at 3:1 ratio, the 
final capacity obtained was 15 cfm per sq ft at a 
resistance of 6.2 in. of water. 

2—The efficiency was found to increase with 
plugging of the wool felt medium and ranged from 
94.81 to 99.36 pct. 

3—The air dilution method is simple but requires 
a unit of large size to handle the excess air volume. 
As shown subsequently, resistance values with air 
dilution are comparable to other cooling methods; 
hence, appreciable increased capacity cannot be ob- 
tained with lower resistance on silica fume. 

Spray Cooling: A spray cooling chamber was pro- 
vided as shown in Fig. 1. With this arrangement, it 
was possible to cool all of the gas stream or any 
desired portion and thus mix the remainder with 
the cooled portion to prevent condensation. In prac- 
tice, temperature control is necessary to prevent 
dew or condensation from occurring at the filter 
surface. In this study only manual control was em- 
ployed. The average water rate supplied to the 
chamber was 3 gal per 1000 cu ft. Very little of this 
was used in actual cooling and therefore could be 
recirculated. The actual amount of water to cool by 
evaporation was computed by heat balance as less 
than 0.3 gpm for 1000 cu ft. It was found, however, 
that even the coarse nozzles used for spraying were 
removing a significant portion of solids (approxi- 
mately 15 pct) from the gas stream. 

The conclusions obtained from the spray-cooled 
series on wool felt are based on the data shown in 
Table IV. These conclusions are as follows: 

1—Efficiencies of removal of silica fume are 
slightly higher than in air dilution, ranging as high 
as 99.91 pct. Since the fabric had previously been 
plugged during the air dilution tests, this could be 
expected. 

2—The final capacity measured with spray cool- 
ing was 9.4 cfm per sq ft at a resistance of 6.8 in. of 
water. Spray water was supplied at 3 gal per 1000 
cu ft, of which 90 pct can be recirculated after filter- 
ing the liquid to remove the solids. 

3—The spray cooling chamber with coarse noz- 
zles removed approximately 15 pct of the fume in 
the gas stream. 

4—-Liquid or spray cooling appears to give a more 
economical result, since the increase in capacity 
with air dilution cooling is not in proportion to the 
volume of air that must be handled, since only 50 
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Table Ill. Effect of Air Dilution* Cooling on Wool Felt Reverse-Jet 
Filter Performance, Fume from 50 Pct Ferrosilicon Furnace 


Loading 
Mean 
Inlet Efflu- 
Capa- Re- Pet Tem- Inlet, ent, 
city, sist- Ring pera- Grains Grains Pct Wt 
Cfm per ance, Opera- ture, per per 1000 Re- 
Test No. Sq Ft H20 tion °c Cu Ft CuFt tention 

1 16.1 3.4 10 45 0.042 2.2 94.8 
2 9.8 2.8 10 47 0.108 4.2 96.1 
3 9.9 2.8 50 54 0.192 3.4 98.2 
4 a ie 3.3 25 50 0.119 2.6 98.6 
5 A lye 5.8 50 48 0.204 2.4 98.7 
6 16.6 5.8 30 51 0.211 2.4 98.0 
7 13.2 Gyr 70 51 0.181 2.2 98.8 
8 12.2 5.9 50 ae 0.332 2.1 99.4 
9 12.6 6.0 90 50 0.628 4.7 99.3 
11 12.0 6.5 40 39 0.238 3.2 98.6 
12 11.1 5.1 100 52 0.357 2.7 99.2 
13 7.8 BE 90 48 0.149 6.1 95.8 
14 8.9 3.8 90 48 0.171 3.0 98.1 


* Dilution volume 3 to 1 from stack gas effluent. Each test repre- 
sents 1 hr or more sampling period downstream of filter with sev- 
eral aeeee samples for loading. Unit was on stream over 8 day 
period. 


pet increased capacity was obtained for a threefold 
increase in air volume. 

High Temperature Medium: In order to improve 
performance, it was felt that, if a high temperature 
resistant medium with comparable performance to 
the wool felt could be developed for use in the 
reverse-jet or self-cleaning filter, it would be the 
ideal solution to the electric furnace fume problem. 

After considerable experimentation a sandwich- 
type composition medium consisting of two layers of 
Orlon cloth with a layer of resin-bonded fine Fiber- 
glas wool (feltlike) between the two layers of cloth 
was conceived, as shown in Fig. 5. After preliminary 
tests, this was fabricated into a bag with the Fiber- 
glas-Orlon quilted for dimensional stability. 

Initial air dilution tests were conducted with this 
medium, followed by continuous tests at high tem- 
perature with direct filtration. Results of these 
tests are shown in Tables V and VI. Actual tem- 
peratures obtained in the continuous tests did not 
attain stack values, since apparently the heat losses 
from the filter and the cooling effect of the reverse- 
jet were present. 

The high temperature medium proved satisfac- 
tory over an extended period of 648 hr continuous 


Fig. 5—High tem- 
perature-resistant 
medium used was 
sandwich-type, con- 
sisting of two lay- 
ers of Orlon with a 
layer of _ resin- 
bonded fine Fiber- 
glas (feltlike) be- 
tween the two lay- 
ers of cloth. This 


filter medium, 
cross-section and 
details of which 


are shown in the 
diagram of the re- 
verse-jet filter, was 
fabricated into a 
bag with the Fiber- ( 
glas-Orlon quilted 
for dimensional sta- 
bility. 
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Table IV. Effect of Water Spray Cooling* on Wool Felt Reverse-Jet 
Filter Performance, Fume from 50 Pct Ferrosilicon Furnace 


Table VI. Performance of High Temperature Medium* in Reverse- 
Jet Filter, Fume from 50 Pct Ferrosilicon Furnace 


Loading 
Mean Loading 
Filter Mean Effilu- 
Filter Water Inlet Efflu- Capa- Inlet uent, 
Capa- Re- Rate, Tem- Inlet, ent, city, Re- Tem- Inlet, Grains Pct Wt 
city,7 sist- Galper pera- Grains Grains Pct Wt Cfm sist- per- Grains per Re- 
Cfm per ance, 1000 ture, per per 1000 Re- Test per ance, ature, per 1000 ten- 
Test No. SqFt HO Cu Ft °C Cu Ft CuFt tention No. Sq Ft H.2O °C CuFt. Cu Ft tion Remarks 
15 9.9 4.2 2.4 45 0.437 2.4 99.5 12 11.0 6.0 95 1.25 28.3 97.7 Before tap, 
16 9.44 5.2 2.5 53 0.453 3.2 99.3 <100 pet 
17 10.9 5.6 Oui 50 0.275 2.5 99.2 ring oper- 
18 10.7 5.6 5.1 55 0.388 2.3 99.3 ation 
19 11.8 6.5 1.2 54 0.519 6.2 98.8 13 9.8 6.1 86 0.378 18.0 95.2 During tap, 
20 12.8 7.0 4.8 51 0.469 1.8 99.6 <100 pet 
21 14.3 133) 4.6 57 0.525 0.7 99.9 ring opera- 
22 13.8 6.8 4.3 55 0.575 0.7 99.9 tion 
24 9.7 VD 2.5 52 0.694 0.9 99.9 14 11.3 6.2 95 1.18 26.2 7.8 After tap 
25 9.5 6.9 2.9 55 0.484 0.7 99.9 15 10.5 6.2 85 0.640 18.0 97.2 Before tap 
26 9.6 6.9 2.4 57 0.646 0.6 99.9 16 9.9 6.2 91 0.476 17.2 96.4 During tap 
17 9108 78 1.04 15.8 98.5  Afier tap 
18 12.7 6.3 9.2 3 After tap, 
* Each test represents 1 hr or more sampling as in Table III. Unit <100 pet a 
was on stream over 7 day period. " ae ee opera 
7+ 100 pct ring operation except where noted. 
: : 19 11.8 6.0 110 0.510 14.1 97.2 Before tap 
operation: 20 11.7 6.0 107 0.092 95 89.7 During tap, 
<100 pet 
ring opera- 
tion 
21 9.5 6.2 98 0.354 9.8 97.7. After tap, 
duty. Failure was due to mechanical wear on the <100 pet 
medium by blow ring rubbing. A properly fitted pes RS 
bag with self-adjusting blow rings which were not 22 85 62 103 0.614 13.1 97.9 eee tp, 
provided in the pilot unit would eliminate this diffi- ring opera- 
. . . . . tion 
culty, it is believed. The Orlon-Fiberglas combina- 23 78 61 35 tap 
24 6.0 TOS 10.6 99.1 Before tap 
tion may withstand temperatures exceeding 275°F, 
since the Orlon at high temperatures converts to a 26 Wes Gal 80 0.832 79, 99.1 Through tap, 
heat-resistant but lower strength form. The use of ae Gera 
i = j i tion 
other abrasion and temperature-resistant fabrics is 


possible with the sandwich medium approach. 

Conclusions based on the high temperature medi- 
um are as follows: 

1—Efficiency of the high temperature medium in- 
creased in operation from 92 to 99 pct. 

2—Capacity without any auxiliary cooling was 
7.4 cfm per sq ft at a resistance of 6.1 in. of water. 
This capacity may be improved by shaking or aux- 
iliary sweeping or internal brushing of the bag. 

3—Maximum temperature of test was 132°C, but 
it is believed that the medium will withstand a 
higher temperature without difficulty. 

One item apparent in all the filter tests was the 
importance of good furnace maintenance. When 
blow holes developed or improper operations were 


Table V. Effect of Air Dilution Cooling* on Reverse-Jet Filter with 
High Temperature Medium, Fume from 50 Pct Ferrosilicon Furnace 


Loading 
Mean —— 
Inlet Effluent, 
Capacity, Re- Tem- Inlet, Grains Pct Wt 
Cfm sist- pera- Grains per Re- 
Test per ance, ture, per 1000 ten- 


No. SqFt H:O XO) Cu Ft Cu Ft tion Remarks 


iw) 
for) 


0.00107 0.228 78.8 Atm, dust only, 


0 pet ring op- 


eration 
2 17.9 5.5 70 0.166 11.8 92.9 During tap 
3 16.7 5.6 61 0.211 12.4 94.1 After tap 
4 17.6 5.8 64 0.268 a by (eal 93.6 % hr after tap 
5 15.2 6.1 54 0.293 20.7 92.9 After tap 
6 15.5) 6.1 42 0.236 14.9 93.7 1 hr after tap 
Ls 16.6 6.0 50 0.178 12.8 92.8 During tap 
8 13.4 6.3 33 0.430 49.2 89.6 During tap 
9 13.6 6.2 38 0.348 16.6 95.7 After tap, 100 
pet ring oper- 
ation 
10 15.4 6.0 45 0.211 15.9 92.5 During tap 
11 13.3 6.0 42 0.112 9.2 93.3 After tap 


* Approximately 2:1 dilution from stack gas effluent. <100 pct ring 
operation except where indicated in remarks. Each test represents 
over 1 hr sampling downstream as in Table III. Unit was on stream 
over 4 day period. 
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* Each test represents over 1 hr sampling downstream as in Table 
III. Data above was taken over 6 day period but filter continued in 
operation with sampling for 648 hr before tests ended due to motor 
failure. 


observed, filter resistance rose sharply and capacity 
was reduced. Improved furnace operation results in 
reduced loading and presumably increases filter life. 

Future Developments: In regard to the dry filtra- 
tion system, it was found that lower resistances 
could be obtained by shaking or disturbing the bag 
deposit, since the blow ring only loosens the layer 
or maintains for it a certain porosity or permeability. 

At the present time, it appears possible to clean 
by brushing or wiping the inside of the bags simul- 
taneously with blow ring or reverse-jet operation. 
A wiping arm arrangement and vertical brushing 
and rotating spiral cleaning devices have been in- 
corporated in some new units. It is believed that 
these developments would have potential applica- 
tion to this study in reducing resistance values be- 
low those obtained. 


Summary and Conclusions 

This paper summarizes the results of a two-year 
study on methods of ferroalloy furnace fume collec- 
tion at the Niagara Falls plant, Vanadium Corp. of 
America. A study of the performance characteristics 
of a wet collection unit utilizing pneumatic and high 
pressure fog nozzles in a cyclonic scrubber is in- 
cluded. An evaluation of dry collection units utiliz- 
ing wool felt and a high temperature-resistant 
Orlon-Fiberglas medium with dilution air cooling, 
water spray cooling, and direct filtration with high 
temperature fumes is reported. A comparison of the 
two units, both in performance and operating re- 
quirements, is given in detail. 

The results of the wet collector study indicate the 
best possible operating efficiency for this unit would 
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be in the vicinity of 70 pct with a resistance to flow 
or overall pressure loss of approximately 2 in. of 
water. Experiments utilizing a Fiberglas basket 
packed with varying grades of coarse Fiberglas as 
a trap for carry-out (moisture and fume) and 
equipped with washdown sprays were not successful 
and indicated that it was not possible to maintain 
efficiencies above 70 pct during sustained operation 
because of plugging. A variety of packs were tried 
but none could be successfully maintained at con- 
stant resistance. 

The most efficient pumping and nozzle arrange- 
ment found was the use of a high pressure fog noz- 
zle operating at 400 psi water pressure. Air-jet and 
pneumatic nozzles were tried but were found either 
uneconomical or unsuited for satisfactory perform- 
ance. The wet collection unit was found to satisfac- 
torily lower gas temperatures and appears to have 
promise for the collection of soluble fumes. In this 
instance, it recovered ferrosilicon fume at an effi- 
ciency of 70 pct, but a considerable carry-out of 
water and overall water consumption was entailed. 

On a basis of this investigation, it was concluded 
that the wet collection unit is not satisfactory for 
high efficiency removal of ferrosilicon fume without 
a secondary collector. It may be suitable for other 
ferroalloy fumes of larger particle size from other 
electric furnace operations. 

The result of the study on a dry collection unit 
utilizing the reverse-jet principle indicated that it 
was possible to obtain satisfactory performance with 
aid dilution, spray cooling, or the high temperature- 
resistant medium. The capacity of the unit varied 
with the type of air pretreatment employed. With 
any of the three methods investigated, efficiencies 
well over 99 pct were obtained with operating re- 
sistances of approximately 6 to 7 in. of water. The 
maximum capacity with air dilution was approxi- 
mately 15 cfm per sq ft of bag, with spray cooling 
approximately 9% cfm per sq ft cloth, and the 
high temperature medium utilizing Orlon-Fiberglas 


layer quilted medium without auxiliary cooling 
gave a value of 7.4 cfm per sq ft cloth area. 

On a basis of these tests, it is felt that a dry col- 
lection unit with high temperature-resistant medium 
indicates the most promise for direct application to 
fume recovery of ferrosilicon electric furnaces. 

A study of other types of wet units which could 
be applied indicated that the unit studied had per- 
formance comparable to any other units now avail- 
able. In the case of dry filtration, the reverse-jet 
unit provided a nearly constant resistance device at 
high air flow capacities. Although wool cloth shak- 
ing-type bags, such as are used in smelters with di- 
lution air or water spray cooling for temperature 
control, should give comparable efficiencies, they 
would require much larger size bag installations 
because of the 2 cfm or less per sq ft requirement 
in capacity. 
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Preparation and Chlorination of Titaniferous Slag 


From Idaho Ilmenites 


by Alva H. Roberson and Lloyd H. Banning 


URING the past few years, a considerable ton- 

nage of ilmenite has been produced as a by- 
product of a monazite dredging operation and 
stockpiled near Boise, Idaho. This ilmenite has 
not been marketed because of the long distance 
from ilmenite-consuming areas and its compara- 
tively low TiO, content. Production of monazite 
from the alluvial sand deposits of Idaho is a mar- 
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ginal venture when it is the only marketable prod- 
uct, and it will be necessary to establish a byprod- 
uct market before the operation becomes economi- 
cally stable. 

Early in 1954, the Bureau of Mines Northwest 
Electrodevelopment Laboratory at Albany, Ore., 
conducted a series of tests which demonstrated that 
arc furnace smelting could be utilized to produce 
commercial quality pig iron and a high titanium 
content slag from these ilmenites. Additional studies 
showed that the slag chlorinated readily to produce 
a satisfactory yield of TiCl.. 

The investigation was carried out by two research 
teams. The Ferrous Metals Branch, with adequate 
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equipment and an excellent background of experi- 
ence in other unusual smelting problems, was as- 
signed the smelting phase. Extensive studies in- 
volving the chlorination of hafnium and zirconium 
provided a well trained group in the Nonferrous 
Metals Branch; the chlorination phase of the study 
was assigned to this branch. 

With the bulk of TiCl, production now dependent 
on the supply of relatively expensive rutile, this re- 
search points the way to a potentially attractive 
byproduct utilization. In addition to tetrachloride 
production, the slag would supply a potential raw 
material to the pigment or welding rod industry. 

The expansion of titanium-sponge production 
planned during the current decade makes impera- 
tive the utilization of titanium-bearing ~ minerals 
that are more abundant than rutile. 


Smelting Investigation 


Description of Ilmenites: The ilmenite tonnage 
samples used in these tests were furnished jointly 
by the Idaho-Canadian Dredging Co. and Baumhoff- 
Marshall Inc., both with headquarters at Boise, 
Idaho. For the past few years, both these com- 
panies have been conducting dredging operations 
near Cascade, Idaho, for the recovery of monazite. 
The dredge concentrates are shipped to a beneficia- 
tion plant owned by Baumhoff-Marshall Ine. in 
Boise. A marketable monazite concentrate and an 
ilmenite byproduct, which is stockpiled, are pro- 
duced in this plant. The six 20 ton lots of ilmenite 
were obtained from this stockpile. The analyses of 
each lot are shown in Table I. 

Spectrographic analyses showed the presence of 
arsenic, copper, zinc, chromium, vanadium, and 


Table |. Analyses of Ilmenite Concentrates in Percentages 
Lot Lot Lot Lot Lot Lot 
Element No.1 No. 2 No. 3 No.4 No.5 No. 6 
Fe 34.8 34.0 35.1 34.9 35.0 34.2 
TiOz 42.4 41.0 42.2 44.8 39.2 40.6 
MgO 0.10 0.10 0.10 0.10 — — 
AlsOz 0.70 0.20 1.60 1.20 0.82 1.90 
SiOz 1.40 0.56 1.00 0.50 1.60 1.60 
Mn 2.86 3.10 3.09 3.20 2.92 2.86 
Cb20; 0.24 0.27 0.25 0.26 0.32 0.30 
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Fig. 1—Overall view shows the furnace in 
operation. A three-phase cylindrical sta- 
tionary pit-type electric arc furnace, desig- 
nated ESA, was used in the tests described. 
Both carbon and magnesite refractory lin- 
ings were used during the ilmenite-smelt- 
ing tests. 


boron in amounts of less than 0.1 pct. These ilmen- 
ites are particularly desirable for processing into a 
slag product for chlorination because of the low 
content of chlorine consumers, such as MgO, CaO, 
SiO., and Al,O,. The manganese and columbium 
contents of these ilmenites are of special interest in 
that they may be recoverable in a combination of 
smelting and chlorination operations. 

Petrographic examination of the various lots of 
ilmenite indicated that 67 to 81 pct of the concen- 
trate was ilmenite with intergrown magnetite and 
16 to 30 pct was ilmenite with small amounts of 
leucoxene. Very small amounts of magnetite and 
garnet were observed. These combinations of min- 
erals accounted for 99 pct of the total. 

Smelting Practice: It is desirable to smelt ilmenite 
without using flux in the furnace charge when the 
slag is to be used for either the production of metal 
or pigment. The melting point of such a slag de- 
pends on the content of slag-forming constituents 
in the ilmenite smelted and on the FeO content of 
the slag produced. The melting point increases as 
the TiO, content increases and the FeO content de- 
creases; and if the degree of reduction is great 
enough, some TiO, is reduced to Ti,O;, which makes 
the melting point of the slag very high. 

Previous smelting research at the Northwest Elec- 
trodevelopment Laboratory has shown that the 
temperature maintained in an arc-resistance elec- 
tric smelting operation in an open top furnace is a 
function of the type of reductant used and the elec- 
trical energy input.’ Generally, wood chips were 
used for the reducing agent, since the highest smelt- 
ing temperatures are attained with a porous furnace 
charge having a low bulk density. Occasionally, 
some metallurgical coke was added, since it is a 
more effective reducing agent at high temperatures. 
The wood chips were obtained locally and were pro- 
duced by running scrap plywood veneer and slabs 
through a machine called a chipper. The wood chips 
were quite uniform in size, their longest dimension 
being less than 1 in., and were relatively free of 
sawdust and splinters. The average fixed carbon 
content of the wood chips and the metallurgical 
coke, on a dry basis, was about 23.5 and 80 pet, 
respectively. 
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A three-phase cylindrical stationary pit-type 
electric arc furnace, designated ESA,” was used in 
these tests. Fig. 1 is a view of this furnace in opera- 
tion. During the ilmenite-smelting tests, both car- 
bon and magnesite refractory linings were used. 
The crucibles of the carbon and magnesite-lined 
shells had 28 and 32 in. ID, respectively. 

The dry ilmenite, wood chips, and coke when 
used were weighed and mixed in a 6 cu ft concrete 
mixer. The mixed charge was loaded into a charge 
bucket, hoisted to the charge deck, and stored adja- 
cent to the furnace. The furnace was preheated by 
melting a weighed amount of pig iron on the fur- 
nace hearth. When the desired temperature was 
reached, the mixed charge was carefully shoveled 
into the furnace until a dry top about 3 ft thick was 
established. The charging rate was then adjusted to 
the smelting rate to maintain a dry top of uniform 
depth. 

The slag was tapped from the upper taphole of 
the furnace into conical cast iron slag pots. When 
metal appeared in the slag tap, the lower taphole 
was opened, and the pig iron was tapped into a 
geared ladle and poured into pig molds. Figs. 2 and 
3 illustrate these operations. Usually three slag taps 
were made to each metal tap. 

The electrical energy input to the furnace varied 
from 245 to 340 kw. The voltages used varied from 
a high of 118 to a low of 81 v. Somewhat higher 
voltages were used in the tests in the carbon-lined 
furnace than in those in the magnesite-lined fur- 
nace. The voltages were controlled to maintain an 
arc-resistance smelting operation without undue 
electrode surging. 

Results of Smelting Tests: Each of the six lots of 
ilmenite was smelted separately, two lots in the 
carbon-lined furnace and four in the magnesite- 
lined furnace. The preliminary smelting test was 
divided into four periods; only wood chips were 
used as reductant in an attempt to attain the highest 
possible smelting temperature. During the first 
three periods of the test, the weight of the wood 
chips used per 100 lb of ilmenite per charge was in- 
creased from 75 to 100 and then to 115 lb for the 
respective periods. In the first period, the slag- 
tapping temperatures and the TiO, contents of the 
slag samples were considerably lower than expect- 


Table II. Preliminary Smelting Test on Lot 1 IImenite in 
Carbon-Lined Furnace 


Period 1 Period2 Period3 Period 4 


Carbon ratio to stoichio- 


metric proportions 1.43 1.91 2.01 1.91 
Voltage, phase-to-phase 115 110 118 1 
Electrical power input, kw 251 245 299 287 
Feed rate, lb ilmenite per 

1000 kw, per hr 1790 1515 1375 1470 
Ilmenite smelted, lb 3200 6000 3200 26,000 
Slag produced, lb 1242 3545 1990 14,140 
Pig iron produced, lb 851 1987 792 5703 
Average slag tapping tem- 

1560 1579 1615 1626 
Slag analysis, pct TiO2 66.9 73.1 82.5 Mine 

Pct Fe 13.8 als) 7.2 9.9 
Pct Mn 4.49 4.49 4.49 4.44 
Metal analysis, pct C 3.37 4.46 4.97 3.82 
0.23 0.25 1.20 1.14 
Pct Mn 5 0.35 0.47 0.19 0.19 
w-hr consumed per ton 
2882 2228 2342 2508 
Kw-hr consumed per ton 

pig iron a 4207 3976 5884 6218 
Electrodes consumed per fe 

ton slag, average, lb 25.9 25.9 25.9 25.9 
Slag-to-metal ratio 1.46 1.78 ZrO: 2.48 
Calculated smelting 

i roducin e 
16.8 17.8 12.0 11.4 
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ed. These results are shown in Table II. The in- 
crease in wood chips to the furnace in the second 
period resulted in an appreciable increase in TiO, 
content of the slag and a small increase in the smelt- 
ing temperature. The higher wood chip content of 
the charge during the third period resulted in higher 
slag tapping temperatures and slags of higher TiO, 
content. However, the slag became so viscous by the 
end of the third period that it was necessary to re- 
duce the amount of wood chips to 100 lb per charge 
to remedy difficult furnace operations. After 93 hr 
of operation, iron began leaking through the furnace 
bottom and the test was terminated. 

Examination of the furnace lining after it was 
cooled and removed from the furnace indicated that 
the carbon brick resisted the corrosive action of the 
slag but that the carbon was soluble in the very hot 
pig iron. Fig. 4 is a view of a segment of the fur- 
nace lining removed from the lower part of the 
furnace and shows how the pig iron had attacked 
the brick. 

To establish definitely whether carbon refractory 
is unsuitable for smelting ilmenite, the furnace was 
relined with carbon brick for the second smelting 
test. The most promising conditions developed for 
furnace operations during the first test were adopt- 
ed. The test was divided into two periods: during 


Fig. 2—Titanium slag was tapped from the upper taphole of the 
furnace into conical cast iron slag pots. Tapping pig iron is shown 
in Fig. 3. 


Fig. 3—During the slag tapping operation shown in Fig. 2, when 
metal appeared in the slag tap, the lower taphole was opened; the 
pig iron was tapped into a geared ladle; and the metal was poured 
into pig molds. 
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Table II]. Summary of Smelting Tests on Ilmenite, Lots 2 through 6 


Ilmenite Lot No. and Smelting Period 


6-1 5-1 4-2 3-1 5-2 2-1* 4-1 3-2 2-2* 
Carbon, ratio to stoichiometric 
proportions 1.41 1.61 1.62 1.65 1.74 1.86 1.91 1.96 1.97 
Carbon as coke, pct 2.9 none 10.4 none 5.7 
Voltage, phase-to-phase 97 102 97 81 96 110 94 90 108 
Electrical power input, kw 290 o21 262 249 316 287 269 273 340 
Feed rate, lb ilmenite per hr 
per 1000 kw 515 1,555 1,505 1,455 1,395 1,425 1,375 1,300 1,395 
Ilmenite smelted, lb 29,000 29,900 18,025 16,800 15,470 17,585 18,400 24,917 24,600 
MnO: added to charge, lb — 5 
Slag produced, lb 14,272 16,470 10,008 7,842 7,976 10,163 9,724 13,661 13,648 
Pig iron produced, lb 7,942 8,475 4,858 4,818 5,280 4,658 5,606 6,746 6,589 
Average slag tapping tempera- 
ture, °C 1,605 1,600 1,625 1,544 1,579 1,598 1,633 1,625 1,605 
Slag analysis, pct TiO2 78.8 78.8 80.9 74.8 81.8 80.6 82.9 
Pct Fe 9.0 9.2 7.4 10.9 3.0 9.8 6.6 6.7 8.0 
Pct Mn 4.59 4.54 4.63 4.10 7.06 4.42 4.54 3.99 4.57 
Metal analysis, pct C 2.80 2.69 3.05 Sil 2.48 4.48 3.17 3.00 3.96 
et ty 0.07 0.06 0.10 0.06 0.11 0.08 0.05 0.05 0.08 
Pct Mn 0.14 0.26 0.09 0.44 0.78 0.12 0.26 0.23 0.18 
Kw-hr per ton, slag 2,688 2,345 2,390 2,930 2,776 2,356 2,758 2,814 2,581 
Kw-hr per ton, pig iron 4,830 4,557 4,924 4,770 4,193 5,139 4,784 5,698 5,345 
Electrode consumption per ton 
slag, lb 12.9 33 30.2 38.5 35 25 33:5 46 26.5 
Electrode consumption per ton 
pig iron, lb 23.2 58.5 58.8 78 62 53.5 63 86 56.0 
Slag-to-metal ratio 1.80 1.94 2.06 1.63 1.51 2.18 Lo 2.02 2.07 
Smelting efficiency for produc- 
ing pig iron’ 14.7 15.5 14.4 14.9 17.0 13.8 15.0 12.5 13.3 


* Carbon furnace lining was used; a magnesite lining was used in all other tests. 


the first, only hogged fuel was used for the reduc- 
tant; and in the second, a small amount of coke was 
added to the charge and the electrical energy input 
was increased about 15 pct. In the latter part of the 
test, the carbon ratio to the stoichiometric amount 
required for iron reduction was the highest for all 
tests made in either the carbon or magnesite-lined 
furnace. During the fourth day of operation, pig 
iron again leaked through the furnace bottom. Op- 
erations were interrupted long enough to permit the 
iron to drain through the hole, the hole to fill with 
slag, and the slag to solidify. Smelting operations 
were resumed and there was no recurrence of a 
metal break-through during the 20 hr required to 
finish the smelting tests on this lot of ilmenite. 

Since metal break-throughs had occurred in both 
tests in the carbon-lined furnace, it was decided to 
use a magnesite lining. Ilmenite lots numbered 3, 4, 
and 6 were then smelted in a continuous 268 hr 
operation. After a weekend shutdown, the same 
magnesite lining was used in smelting lot No. 5. 

Smelting tests on each lot were divided into two 
periods, except for the test on lot No. 6 which had 
only one. Some coke was used in all smelting peri- 
ods, the first on lot No. 3. Results of the smelting 


Fig. 4—When the operation was complete and the furnace lining 
had cooled and was removed from the furnace, examination showed 
that the carbon brick resisted corrosive action by the slag. How- 
eyer, the carbon was found to be soluble in the very hot pig iron. 
The photograph shows how a segment of the furnace lining removed 
from the lower part had been attacked. 
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tests in the magnesite-lined furnace and the second 
test in the carbon-lined furnace are shown in Table 
III. The columns in the table are headed by figures 
that denote the lot number and the smelting period. 
To emphasize the effect of the carbon ratio to the 
stoichiometric requirement, the columns are ar- 
ranged in order of increasing carbon ratios. The 
analyses in the tables are averages for the period. 
Very often individual tap samples varied consid- 
erably from the average. Slags containing up to 86 
pet TiO, were produced for 8 hr periods, but slight 
decreases in smelting temperatures forced a cutback 
in reductant, which was reflected in a lower average 
analysis for the longer periods shown in the tables. 
A few samples were analyzed for Ti,O,. A typical 
analysis indicated a Ti,O;, content of 25.3 pct on a 
slag that contained 83.4 pct TiO.. 

In the second period of the test on lot No. 5, a 
small amount of manganese ore was added to the 
furnace charge to determine whether manganese 
would displace iron from the slag. At first, enough 
manganese was added to theoretically displace all 
of the iron in the slag. Under these conditions, a 
considerable amount of manganese appeared to 
volatilize; then manganese additions were cut in 
half and smelting operations returned to normal. 
The TiO, content of the shift slag samples varied 
appreciably, as it had in other tests; but some shift 
samples analyzed as high as 86 pct TiO., 2.4 pct Fe, 
and 7.1 pct Mn. Normally, the slag contained about_ 
4.5 pct Mn and 6 to 9 pct Fe. 

Discussion of Smelting Results: Examination of 
the test results in Tables II and III reveals the fol- 
lowing definite trends when the carbon content of 
the charge is increased: 1—increased TiO. content 
of the slag, 2—increased carbon content of the pig 
iron produced, 3—increased power consumption per 
ton of pig iron produced, 4—increased metal-to- 
slag ratio, 5—decreased feed rate of ilmenite, 6—de- 
creased iron content of the slag, and 7—decreased 
smelting efficiency.* 

It appeared that equal weights of wood chips and 
ilmenite in the charge produced maximum smelting 
temperatures. Beyond this point, additional wood 
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chips gave no marked improvement. Some coke in 
the furnace charge is beneficial in producing slags of 
higher TiO, content and in reducing electrode con- 
sumption. Small increases in electrical energy input 
to the furnace did not increase the smelting tem- 
perature significantly. 

The use of manganese oxide in the furnace charge 
definitely aids elimination of iron from the slag. If 
this slag is used in a chlorination operation, the 
manganese chloride may prove to be a valuable 
byproduct. 

Chlorination Studies 

The purpose of this portion of the investigation 
was to study the chlorination characteristics of a 
specific type of slag and to determine its suitability 
for commercial production of TiCl,. 

Raw Materials: The slag was tapped from the 
furnace into conical cast iron slag pots, allowed to 
solidify, and then dumped. During the subsequent 
cooling period, it decrepitated readily; and by the 
time the mass had reached atmospheric tempera- 
ture, the entire button was reduced to fine flakes. 
Fig. 5 shows several slag buttons that displayed this 
property. From the standpoint of charge prepara- 
tion, this phenomenon appeared to offer a number 
of advantages. However, it was believed that varia- 
tions in cooling conditions might affect chlorination 
characteristics. Accordingly, the cooling step was 
varied in several ways: 1—The slag was water- 
quenched as it was tapped from the furnace. 2—As 
soon as the slag solidified in the ladle, it was placed 
in a 50 gal barrel which was closed and evacuated 
to 5 mm Hg. 3—Samples of water-quenched and 
vacuum-cooled slags were crushed through 200 
mesh and ignited at 800°C in air. In addition, un- 
treated ilmenite concentrate and slag containing ab- 
normal amounts of manganese were chlorinated. 

The titanium content of the slags was reported as 
TiO,, although it was recognized that other lower 
oxides, such as Ti,O;, might be present. 

United Carbon Co.’s “Kosmos 1” carbon black 
was used in all tests. It contained 91 pct fixed car- 
bon and 9 pct volatiles. 

Equipment: Preliminary small scale tests made 
in 1 and 2 in. Vycor tubes provided enough data to 
warrant construction of the 4 in. vertical shaft 
chlorinator and integrated condenser system re- 
quired for the recovery and separation of the chlori- 
nation products. A schematic diagram of the ex- 
perimental apparatus is shown in Fig. 6. 

The chlorination chamber was a 4 in. ID, % in. 
wall, fused quartz tube closed at each end by nickel 
heads which were sealed to the tube by packed 
forcing rings. Heating was provided by a 5.5 kw 
tube furnace. Desired temperatures were main- 
tained by a conventional pyrometer controller. A 
nickel tube provided access to two tandem-connected 
all-nickel condensers. The first, designed to trap 
FeCl,, was jacketed in order to allow the tempera- 
ture to be controlled by the circulation of heated 
air. The second was water-cooled and was designed 
to condense the TiCl.. 

Residual gases passed into a scrubbing tower 
packed with 1 in. Raschig rings. A loosely fitting 
glass wool plug prevented the influx of moist air 
into the vertical exhaust stack. After passing 
through the scrubbing tower, the wash water was 
discharged to the sewer. The washed gas was dis- 
charged into an exhaust system through a flexible 
conduit. All gaskets in the scrubbing system were 
polyethylene. 
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Thermocouples placed at strategic points in the 
system provided the necessary coverage of tempera- 
tures. Thus, any change in reaction rate as well as 
the progress of chlorination was followed readily. 

Corrosion tests indicated that chlorine did not 
attack nickel at the temperatures involved, and it 
was used for all applications where corrosion might 
have been a problem. Iron could have been used in 
the two condensers, since none of the temperatures 
exceeded the sublimation temperature of FeCl,. 
However, in an intermittent operation such as this, 
where complete cleaning was a problem, possible 
hydrolysis of some of the chlorides and the subse- 
quent iron corrosion made it desirable to use nickel. 

The following procedures were typical of all tests: 
A bed of 4 mesh charcoal in the bottom of the 
chlorination shaft served as a support for the charge 
of about 5 lb of briquets. After the entire system 
was purged with helium, the charge was heated to 
480°C and the intermediate condenser to 150°C. 
Chlorine was admitted through a port in the bottom 
of the shaft. Chlorine flow was regulated by a flow- 
meter, and the amount used was checked by fre- 
quent weighings of the chlorine bottle. The reac- 
tion started at once, and due to its exothermic na- 
ture, the chlorination temperatures rose rapidly. By 
controlling the temperature of the surrounding fur- 
nace, the chlorination bed was maintained in the 
neighborhood of 700°C. 

Three principal products resulted from the chlori- 
nation: 1—TiCl, with a boiling point of 136°C, 2— 
FeCl, with a sublimation point of 315°C, and 3— 
MnCl, with a melting point of 650°C. 

TiCl, and FeCl, left the reactor as gases and were 
collected in appropriate condensers. The MnCl, re- 
mained in the charge as fine crystals. Significant in- 
creases in temperature might have caused it to melt 
enough to cement the charge and complicate the 
removal of residues from the furnace. 

The tendency for some FeCl, to condense in the 
crossover arm to the intermediate condenser was 
overcome by proper insulation. In operation, the 
build-up of a thin layer on the walls was not serious 
and no plugging occurred. A fluffy deposit of FeCl, 
collected on the condenser walls and was removed 
easily at the end of the run. 

TiCl, collected in the bottom of the final con- 
denser and was drawn off into bottles. Condensa- 


tion of TiCl, was complete, and only a trace of fume 
was seen at the glass plug where the discharged gas 
was mixed with air. The resulting tetrachloride was 
amber-colored after standing long enough for a 
brick-red suspended material to settle. 


Fig. 5—After the high titanium slag was tapped from the furnace, 
as shown in Fig. 2, it was allowed to solidify and then dumped. The 
photograph shows several slag buttons that had decrepitated readily 
during the cooling period. By the time the buttons had reached 
atmospheric temperature, they had been reduced to fine flakes. 
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Since the process was designed to be a continuous 
one, it was decided to allow the chlorination to 
proceed for a definite time, using a large charge and 
a short operating cycle. Accordingly, all tests were 
terminated at the end of 6 hr. This permitted simu- 
lation of a continuous operation and accumulation 
of steady state operating data. 

Study of Operating Variables: Briquetting Tests— 
One requisite for successful chlorination is the pro- 
duction of briquets that are not broken easily by 
handling or disintegrate to powder in the chlorina- 
tion chamber. Experience has shown that particle 
size and shape, pressure of formation, and the choice 
of binders are controlling factors for successful 
briquetting. 

The use of coal tar or pitch as a binder is entirely 
feasible and probably would be adopted in a com- 
mercial size operation. The mixture extrudes satis- 
factorily in a small automatic press operated at 16.6 
tons per sq in. Firing at 700°C in a closed retort 
will coke the binder and add briquet strength. Since 
equipment cleaning is a major factor when pitch or 
tar is used, dextrine—a more convenient binder in 
small scale tests—was employed exclusively in this 
investigation. 

The standard procedure for preparing briquets 
for all of the tests involved mixing the carbon and 
slag with about 4 pct dextrine, adding enough water 
to provide the proper consistency, and extruding 
through a % in. mold. The extruded mixture was 
broken into short lengths, dried at 250°C for 8 hr, 
and then heated at 700°C in a closed iron retort to 
remove the last traces of moisture. 

Chlorination Rate Studies—These tests were 
made to evaluate the effects of varying chlorine 
flow through the chlorination. Standard briquets 
were prepared from 87 pct TiO. slags, and extra 
large charges were used so that steady state condi- 
tions would be maintained for at least 2 hr. In all 
tests the charge was heated to 480°C, the chlorine 
was admitted into the reaction chamber, and the 
temperature of chlorination was allowed to vary 
uncontrolled, except that the furnace temperature 
was maintained at 500°C. A charge depth of 20 to 
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Table IV. Effect of Varying Chlorine Input Rates 


Charge Chlorine Increase in 
Charge, Chlorine, Tempera- Efficiency, TiCl, Pro- 
Lb Lb per Hr ture, °C Pet duction Rate 
4.62 1 605 71 
8.05 2.6 852 TPs 2.8 
7.68 3.3 7357 74 3.9 


* When the standard chlorination rate of 1 lb Cl per hr is taken 
as unity, the TiCl; production rate was 1. In succeeding tests, the 
production rate was 2.8 and 3.9 times as great as the standard. 

7+ Shielded thermocouple; values are not comparable. 


24 in. was maintained during all of the tests. In this 
discussion, chlorine efficiency is defined as the per- 
centage of the chlorine used that is converted to 
TiCl,. Titanium efficiency then is the percentage of 
titanium in the charge converted to TiCl. Data 
from these tests are shown in Table IV. 

It is indicated that increased rates of chlorine 
addition increase the chlorine efficiency, probably 
due to the increase in temperature. However, tem- 
peratures much above 900°C are to be avoided be- 
cause of chlorine attack on the equipment. 

A compromise must be established between rate 
of chlorine addition, charge temperature, TiCl, pro- 
duction, and life of equipment. These factors will 
vary with individual operations and cannot be esti- 
mated accurately from small scale work. 

The standard rate of 1 lb Cl per hr was adopted 
as a value designed to permit a 6 hr furnace cycle 
without depleting the TiO, content of the charge 
below a point where steady state conditions could 
be maintained. 

Chlorination Temperature—The temperature nec- 
essary for efficient chlorination is an important fac- 
tor in equipment design, carbon consumption, and 
chlorine efficiency. 

Preliminary tests indicated that an effective 
chlorination could be accomplished at 500°C. Rais- 
ing the temperature to 700°C produced no marked 
benefits. 

Carbon Requirements—Based on the reaction 


Fig. 6—Schematic diagram shows the ex- 
perimental titanium slag chlorination unit 
used. After preliminary small scale tests 
in 1 and 2 in. Vycor tubes, the 4 in. vertical 
shaft chlorinator and integrated condenser 
system illustrated were constructed for the 
recovery and separation of the chlorination 
products. 
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would be required for 80 lb of contained TiO,. If 
the reaction followed the alternate pattern, TiO. + 
2C + 2Cl, = TiCl, + 2CO, the proportion would be 
24:80. However, it is quite likely that the slags con- 
tained variable amounts of Ti,O, or lower oxides, 
which eliminates precise proportioning. 

Stephens and Gilbert’ in their studies of ZrCl, 
production showed that the calculation of carbon 
requirements was difficult and that the most satis- 
factory proportions were determined by actual 
chlorination tests. The same approach was adopted 
in this investigation. 

Air-cooled slag, crushed to —200 mesh, was mixed 
with varying amounts of carbon and 4 to 5 pct dex- 
trine. Briquets were dried, fired, and crushed to 
—'% in. and the charges were chlorinated 1 hr at 
500°C. Results are shown in Table V. 

Although mixtures containing 40 pct C gave 
higher chlorination efficiencies, the presence of ap- 


Table V. Results of Chlorination with Varying Carbon Ratios 


Carbon in Charge, Pct TiO, Chlorinated, Pct 


5 13 
10 32 
15 50 
20 54 
25 56 
30 59 
35 67 
40 73 


preciable amounts of fine carbon in the chlorinator 
shaft caused channeling or packing; thus the choice 
of a 25 pet C mixture was a compromise between 
chlorination efficiency and fine carbon in the chlori- 
nation residue which might reduce furnace capacity. 

Effect of Particle Size—Slag particle size may 
play an important part in the design of a chlorinator 
and is of special significance when grinding costs are 
considered. 

Briquets prepared from sized slag were given a 
standardized treatment by chlorinating the charge 
1 hr at 500°C. The effect of particle size was evalu- 
ated from the amount of TiCl, produced and is 
shown in Table VI. 

These data show that the chlorination rate drops 
rapidly when particle size is larger than 65 mesh. 
In this investigation, all studies were made on —200 
mesh material. 

Chlorination Tests: Data for the following tests, 
made in the 4 in. chlorinator with a 20 in. charge 
depth, are shown in Table VII. 

Test No. 1, Normal Air-Cooled Slag—This mate- 
rial was ground to 200 mesh, mixed with 25 pct C, 
briquetted, and coked at 700°C. Charges weighing 
about 5 lb were chlorinated for 6 hr, with a chlorine 
flow of 1 lb per hr. The average chlorination tem- 
perature was 735°C. Approximately 75 pct of the 
titanium present was converted to TiClL, with a 64 
pet Cl efficiency. 

Test No. 2, Water-Quenched Slag—Several tests 
following the procedure described for the air-cooled 
slag showed that only minor variations in chlorina- 
tion temperature, chlorine efficiency, and chlorina- 
tion rate resulted from the change in slag treatment. 

Test No. 3, Vacuum-Cooled Slag—Charges treated 
in the standard pattern described for air-cooled 
slag showed slightly lower chlorine efficiencies and 
chlorination rates; reaction temperatures were 
slightly higher. 
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Table VI. Effect of Particle Size 


Slag Size, Mesh TiCl,, G 
—200 5.0 
—100 +200 4.5 
— 65+100 4.6 
— 35+ 65 1.8 
— 20+ 35 0.6 
— 84+ 20 Hil 


Test No. 4, Ignited Water-Quenched and Vacuum- 
Cooled Slags—In general, chlorine efficiency, reac- 
tion temperature, and chlorination rate exceeded 
the values for unignited vacuum-cooled or water- 
quenched slags. Ignited vacuum-cooled material 
gave the highest titanium efficiency of any material 
tested. 

Test No. 5, High Manganese Slag—During smelt- 
ing tests, an attempt was made to displace part of 
the iron in the slag with manganese. The resulting 
slag contained 86 pct TiO,, 2.4 pct Fe, and 7.1 pct 
Mn. Preliminary tests indicated that the MnCl, re- 
mained in the chlorination residue and could be 
recovered by water leaching. It is believed that it 
would be more readily salable than FeCl,. When 
chlorinated in the usual way, it was determined that 
there was little variation from the behavior of ordi- 
nary slags regarding reaction temperatures and 
chlorine efficiency. The MnCl, did not flow or bind 
the charge. 

Test No. 6, Ilmenite Concentrate—Ilmenite con- 
centrate containing 35 pct Fe and 41 pct TiO. was 
ground through 200 mesh, mixed with 27 pct C, and 
briquetted. After firing at 700°C, a 5.7 lb charge 
was chlorinated at 700°C for 6 hr with a chlorine 
flow of 1 lb per hr. The charge chlorinated satisfac- 
torily; however, the production of 1.1 lb FeCl, for 
each pound of TiCl, poses a problem of consequence, 
since chlorine consumption would be doubled and 
the disposal of such large amounts of FeCl, would 
be difficult. Conversely, when slag is chlorinated, 
only 0.1 lb FeCl, is produced for each pound of TiCl,. 
The economics of converting the FeCl, to oxide and 
simultaneously recovering the chlorine was not 
explored. 

Chlorination Without Carbon—The possibility of 
upgrading titanium-bearing slag to 94 pct TiO., 
where it could qualify for the rutile market, was 
studied. Admittedly, the final product would not be 
rutile, but the enhanced TiO, content might allow 
its use in some of the applications that now specify 
the more expensive oxide. 

It was postulated that, in the absence of a reduc- 
ing agent, only the iron and manganese would chlo- 
rinate and that these chlorides could be leached with 
water. The final product then would be a high TiO, 
content slag low in other impurities. Several slag 
samples of varying TiO, content were chlorinated 
without carbon at 500°C. One was composed of —20 
mesh material; all others were ground through 200 
mesh, one was briquetted, and one charge was chlo- 
rinated in a mixture of oxygen and chlorine. Normal 
charges weighed 100 g, and chlorination tests were 
carried out in 1 in. Vycor tubes. Only minor amounts 
of TiCl, were produced. Following chlorination, the 
charge was leached with water. Data from these 
tests are shown in Table VIII. 

It is clearly shown that a filter cake containing 
94 pet TiO. can be produced from slags with an 
initial TiO, content of 75 to 89 pet. The best results 
were obtained by chlorinating powdered slag. Bri- 
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Table VII. Chlorination Data 


Chlorina- 
Total Chlorine Maxi- Chlorine Titanium tion Rate, 
Charge Treatment Ti2Os3, Titanium as Flow, mum Tem- Effi- Effi- TiCh, 
Slag Weight, Lb Time, Hr Pet TiOs, Pet Lb per Hr perature,°C ciency, Pct ciency, Pet Lb per Hr 
Air-cooled 4.65 6.0 — 87.0 0.97 605 ral 75 0.92 
Vacuum-cooled 5.74 6.0 — 78.2 1.02 686 58 60 0.79 
Water-quenched aya 6.0 43.0 89.0 0.99 632 64 64 0.85 
Vacuum-cooled, 
ignited 4.48 6.0 — 75.8 0.97 672 65 85 0.85 
Water-quenched, 
ignited 5.07 6.0 78.6 1.00 728 68 79 0.93 
High manganese 
vacuum-cooled 4.60 6.0 38.0 86.5 1.00 718 68 79 0.91 
Ilmenite sand 5.70 6.0 — 39.4 0.94 700 34 61 0.43 


quetting resulted in less surface area contact; and 
since the charge did not chlorinate completely, a 
longer treatment time probably would have in- 
creased the TiO, content. Oxygen additions ap- 
peared to hinder chlorination. 

Discussion: Based on the amount of TiCl, pro- 
duced per pound of chlorine used, chlorination of 
titanium in the slags appears to be most successful 
when the titanium constituents in the slag are in 
their highest state of oxidation. Samples that were 
ignited at 800°C for 1 hr gave the highest titanium 
recoveries. Next came material that decrepitated 
during air cooling, which resulted in intimate atmos- 
pheric contact while still at a relatively high tem- 
perature. Vacuum cooling, with the least oppor- 
tunity for oxidation, resulted in the lowest titanium 
recovery. 

The behavior of the high manganese vacuum- 
cooled material is difficult to explain. It is suggested 
that the presence of manganese may have been 
responsible for the higher recovery. 

Although the concept of chlorinating titanium- 
bearing slags is not new, this investigation has ex- 
plored several ramifications to improve recovery 
and demonstrate the commercial possibilities of 
utilizing byproduct ilmenite for the production of 
TiCl,. The TiCl, produced compares favorably with 
the crude commercial product. The following analy- 
sis typifies the crude product from the foregoing 
tests: 0.02 pct Al, 0.002 pct Fe, <0.01 pct Mn, 0.015 
pct Si, and 0.01 to 1.0 pct V. 

No attempt is made to evaluate the data obtained 
in terms of production equipment. However, the 
low temperatures involved and the ease of chlorina- 
tion provide an optimistic outlook for a low cost 
chlorination plant. 


Conclusions 


A magnesite-lined furnace proved to be more 
satisfactory for smelting ilmenite in a continuous 
dry top electric smelting operation than did a 
carbon-lined furnace. 

The smelting tests indicated that titaniferous slag 
products containing 80 to 83 pct TiO, could be con- 
sistently produced without the use of flux in the 
furnace charge, providing the reductant consisted 
of proper proportions of wood chips and coke. The 
smelting operation was very sensitive to small 
changes in operating temperature when producing 
slag products containing 85 pct or more TiO,. The 
results also indicated that additional energy and 
higher tapping temperatures are required to pro- 
duce slags containing the higher percentages of TiO,. 

The addition of a manganese oxide ore to the 
smelting charge had definite beneficial effects in 
displacing iron from the slag product. The man- 
ganese contained in the slags from smelting Idaho 
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Table VIII. Results of Chlorination Without Carbon 


Filter Cake 


Slag Input, Pct Pet 
Weight, 

Slag Type TiO. Mn Fe TiO: Mn _ Fe G 

—200 mesh powder 75 7.0 3.0 94 0.8 1.0 87 

—200 mesh powder 89 66 2.4 94 0.8 1.0 89 

—200 mesh, briquetted 85 7.0 2.4 93 15 1.0 89 
—200 mesh powder with 

Cl2 + Ov ST “2:3 92 1.2 14 89 

—20 mesh 85 6.3 2.2 93 1.6 12) 490 


rare earth concentrates has potential byproduct 
value. 

The pig iron product was of satisfactory quality 
for most commercial uses. If all of the electrical 
energy used in the smelting operation was charged 
to the pig iron, the energy requirements would be 
two to three times that required to produce pig iron 
from a good grade of iron ore. 

Electric furnace slags containing 80 to 85 pct TiO. 
chlorinated readily to produce an acceptable com- 
mercial grade of TiCl,. Best results were obtained 
with slag that had been ignited at 800°C. 

Ilmenite concentrates can be chlorinated directly, 
but the large amount of FeCl, produced is an eco- 
nomic problem. 

A final product containing 94 pct TiO, can be pro- 
duced by chlorinating the slag directly, without 
carbon, followed. by water leaching to remove iron 
and manganese chlorides. 
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